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MeCN Acetonitrile 
MeOH Methanol 
MHz Megahertz 
min Minute 
mL Millilitre 
mol Moles 
NEt3 Triethylamine 
nm Nanometre 
NMP N-methyl-2-pyrrolidone 
°C Degrees Celsius 
Pd/C Palladium on activated charcoal 
Pet. Spirits Petroleum Spirits fraction 40 – 60 °C 
PG Protecting group 
PhMe Toluene 
PhOH Phenol 
PMB para-Methoxybenzyl 
ppm Parts per million 
psi Pounds per square inch 
Rf Retention factor 
rt Room temperature 
Sat. Saturated 
SET Single electron transfer 
Sol  Solution 
SOMO Singly occupied molecular orbital 
TBDMSCl tert-Butyldimethylsilyl chloride 
TBDPSCl tert-Butyldiphenylsilylchoride 
t-BuLi tert-Butyl lithium 
TFA Trifluoroacetic acid 
THF Tetrahydrofuran 
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Abstract 
 
This thesis describes the design, synthesis and evaluation of a series of novel, 
C2-symmetric organocatalysts. 
Chapter 1 provides an overview of organocatalysis, a field of research that has 
undergone a dramatic increase in interest throughout the past ten years. First 
brought to popularity by work published independently by MacMillan and 
List et al., organocatalysis has grown to encompass a vast range of small 
molecules capable of catalysing a range of asymmetric reactions.1-3 However, 
catalytic site proximity within catalysts bearing multiple catalytically active L-
proline moieties and the effects arising thereof have yet to be the focus of 
investigation, and as such, forms the basis of this thesis. 
Chapter 2 reports the design and synthesis of three C2-symmetric 
diprolinamides 158, 162 and 164 each bearing a bridging unit of six, four and 
twelve methylene units respectively. Each was synthesised via a four step 
synthesis involving the silylation of trans-4-OH-L-proline followed by N-Boc 
protection, EDCI mediated peptide coupling on to an appropriate linear 
diamine and Boc deprotection in overall yields of 66%, 63% and 33%. 
Chapters 3 – 5 discuss the evaluation of each diprolinamide across a range of 
on-water aldol reactions, with each catalyst proving capable of facilitating 
reasonable conversion and enantioselectivity (up to 99%) in a catalyst 
loadings of 1 mol%, with transformation carried out with loadings as low as 
0.05 mol%. 
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The composition of the aqueous media was varied to include tap water and a 
range of saturated ionic solutions. This investigation suggested the presence 
of transition metal cations in tap water contribute to a suppression of 
catalytic activity, an effect that was rectified by introducing the metal 
sequestering agent EDTA. 
A comparison of reaction outcomes across the range of novel catalysts 
(Chapter 5) revealed a trend whereby catalytic site proximity has a significant 
impact on catalyst performance i.e. a catalyst with a small intramolecular 
distance between catalytic units will afford superior conversion and 
stereoselectivity than a catalyst with more distant catalytic sites. From the 
proposed cooperative interactions between catalytic regions arising from an 
interfacial H-bonding network afforded by the on-water system, a novel 
“chiral pocket” transition state has been postulated. 
Chapter 6 describes the application of the range of diprolinamides to the 
Mannich/lactamisation domino reaction for the organocatalytic synthesis of 
chiral isoindolinones. Preliminary results from this chapter are promising 
with several novel isoindolinones being accessed in high enantiopurity 
(>90%), though yields remain poor (typically 20 – 50%). This chapter has 
revealed a trend whereby a catalyst bearing a large intramolecular distance 
between catalytic sites proves superior to catalysts with proximal catalytic 
units when employing sterically imposing electrophiles.  
Employing the principles elucidated in Chapters 5 & 6, the synthesis of a 
photo-isomerisable organocatalyst has been initiated in order to afford a 
catalyst capable of adopting two distinct geometries; either a cis state where 
catalytic units are proximal or a trans state where catalytic sites are distant.  
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Plain English Summary 
 
This project was designed to investigate the effect catalytic site proximity 
imparted on catalytic activity and chiral induction. A relatively new field, L-
proline based organocatalysis has so far been primarily concerned with the 
design and application of novel catalyst structures consisting of one active 
catalytic site. Recent work has included multiple catalytic sites in order to 
more accurately simulate a potential “enzymatic pocket”, though attention 
has yet to be paid to the effect catalytic site proximity has on catalytic ability 
and chiral induction. 
To afford insight into this area of research, three C2-symmetric 
diprolinamides bearing linking groups of different length were designed and 
synthesised (Chapter 2). These catalysts each consist of a diaminobutane, 
diaminohexane or diaminododecane bridging unit. 
Chapter 3 focused on the optimisation and evaluation of the diaminohexane 
based diprolinamide utilising the well-established asymmetric, on-water aldol 
reaction as a model reaction system.  
Having established the optimal reaction conditions for the organocatalysed 
aldol reaction, the aqueous medium was modified to incorporate a range of 
saturated salt solutions in order to investigate the effect such ions had on 
organocatalysed reaction outcomes (Chapter 4). It was found that tap water 
inhibited catalytic activity, an effect that was attributed to the presence of 
transition metal cations occupying organocatalytic sites through the 
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formation of a metal+-158 complex. By introducing the cation sequestering 
agent EDTA the activity of 158 in tap water was restored. 
Chapter 5 extended the scope of the organocatalyst evaluation to include the 
entire range of previously synthesised diprolinamides. Each catalyst was 
applied to a series of on-water aldol reactions to ascertain the impact bridging 
group length enacted on catalyst performance whereby it was found that a 
catalyst bearing a small linking group was more suited to the on-water aldol 
reaction than a catalyst bearing a larger linking group. From this work a novel 
“catalytic pocket” transition state was proposed. 
Work presented in Chapter 6 focuses on efforts towards applying the range of 
diprolinamides to the asymmetric Mannich/lactamisation cascade reaction 
for the synthesis of potentially biologically active isoindolinones.  Evaluation 
of each diprolinamide via designed cascade reaction has shown that when 
employing large electrophiles such as phenyl imines, catalysts with distant 
catalytic sites provide better conversions and enantioselectivity than catalysts 
with proximal catalytic sites.  
As previous chapters have established that the bridging architecture within a 
diprolinamide dictates the suitability of that catalysts towards a particular 
transformation, a photoswitchable diprolinamide that possess the potential to 
isomerise between a linear or bent transition state via UV irradiation was 
designed. This would allow for a single catalyst to occupy two geometries, 
affording either a small or large catalytic pocket upon irradiation. 
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Chapter 1  
1.1 Chirality and asymmetric synthesis 
Since the identification of chirality within lactic acid crystals by Louis Pasteur 
in 1848, the control of stereochemistry has proved to be one of the most 
pervasive challenges facing modern organic chemists.4 A chiral molecule is 
defined as one that does not possess a superimposable mirror image. For 
carbon, this property occurs when an sp3 carbon centre is bound to four 
unique substituents (Figure 1).5 These points of chirality are termed 
stereogenic centres and can be classified as either R (Rectus) or S (Sinister) 
depending on the orientation of such substituents, with each orientation 
classified as an enantiomer of the other.6  
 
Figure 1.  Enantiomeric compounds baring identical substituents arranged in unique geometries. 
Compounds containing more than one stereogenic centre may exist as both 
enantiomers and/or diastereomers. While enantiomers are inverted at all 
stereocentres and hence mirror images of each other, diastereomers are 
inverted at at-least one but not all stereocentres, and are therefore not 
mirror images of one another.7 While enantiomers are identical in non-chiral 
environments, diastereomers may exhibit significantly different physical and 
chemical properties.8 
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The presence of chirality within a product can greatly increase the complexity 
of a final product mixture. The reaction illustrated in Scheme 1 depicts an 
aldol reaction between benzaldehyde 1 and cyclohexanone 2. Though all 
products share the same connectivity, two diastereomers are formed (syn and 
anti shown in red), each possessing an enantiomer (in blue). Exercising 
control over the reaction to afford just one of the four potential 
stereochemical configurations forms the basis of asymmetric synthesis.9 
 
Scheme 1. Aldol reaction showing the possible enantiomers and diastereomers of the 
product. 
Chiral molecules are prevalent in nature and, depending on stereochemistry, 
can exhibit vastly different effects within innately chiral biological systems. 
This  makes stereochemistry a fundamental concern in pharmaceuticals and 
drug discovery.6  Single isomer drugs represent 2/3 of all drugs under 
development and as of 2007 account for more than $200 billion in revenue 
per year.10  As chiral molecules can exhibit vastly different effects within 
biological systems, governing bodies such as the FDA have placed strict 
guidelines on the presence of undesired stereoisomers within pharmaceutical 
products.11 Examples of such chiral drugs include the anti-nausea agent 
Thalidomide and the anti-coagulant Warfarin 6 (Scheme 2).12,13 Each 
enantiomer of these drugs exhibit substantially differing effects within the 
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body and serve to demonstrate the significance of chirality within the 
pharmaceutical industry. 
 
Scheme 2. Synthesis of the anti-coagulant Warfarin. The S enantiomer exhibits 5 times 
greater biological activity than the R stereoisomer.12 
To minimise the costs occurring from purification and waste treatment 
associated with racemic synthesise, asymmetric synthesis has evolved into a 
major branch of synthetic chemistry.10 As the struggle to control chirality in 
synthesis has proved to be such a fundamental hurdle, several key branches 
of asymmetric synthesis have emerged. 
1.2 Transition metal catalysis 
One of the fundamental pillars of asymmetric synthesis is transition metal 
catalysis. Representing one of the most densely researched branches of 
chemistry, transition metal catalysis typically utilises d-block organometallic 
complexes to facilitate a vast array of transformations such as alkene-alkene 
metathesis, catalytic hydrogenation, C-H functionalisation, asymmetric 
reduction (Scheme 3) and cross-coupling, a range of reactions too vast to 
accurately summarise in this thesis.14-16 Through the implementation of chiral 
ligands to metal catalysts, these transformations can be carried out to afford 
enantio-enriched products.17-19  
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Asymmetric transition metal catalysis is a powerful technique for the 
installation of asymmetry due primarily to the high efficiency of the catalysts 
and the enantiopurity observed within the reaction products. Due to these 
advantages, transition metal catalysis has become a mainstay of chemical 
industries such as the agrochemical and pharmaceutical sectors.20 
 
Scheme 3. Asymmetric Ru catalysed reduction by Chen et al.21 
Despite the prominence of transition metal catalysis within industry, the field 
is not without its shortcomings, primarily the sensitivity of metal catalysts to 
air and moisture. Toxicity is another disadvantage of metal catalysis due to 
the environmental threat potentially posed by d-block metals. To address this, 
considerable effort and cost is attributed to the safe handling and disposal of 
such metals. These factors have led to investigations into asymmetric 
transformations facilitated by safer means without sacrificing optical purity 
or turn over number (TON). Taking cues from nature, a branch of chemistry 
has emerged utilising enzymatic biocatalysis.   
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1.3 Enzyme catalysis 
Drawing from nature, enzymatic biocatalysis employs isolated enzymes from 
various sources to facilitate a broad range of highly enantiospecific 
transformations.22,23 Enzymes have been applied to organic synthesis for over 
100 years, though they have been plagued by limitations. Often restricted to 
aqueous media and possessing limited substrate generality, it was not until 
recently that the understanding of biocatalysis allowed for more general 
use.24,25 Advances in immobilisation, isolation, solvent compatibility and 
customisation have significantly changed how biotransformation are utilised 
for a range of chemical reactions.26  
 
Scheme 4. Enzymatic Bayer-Villiger oxygenation carried out by bovine  monoxygenase 
enzymes CHMOAcineto and CPMOComa.27 
Asymmetric oxidations and reductions via biotransformations are a powerful 
tool in organic synthesis.28 Current examples include the asymmetric bovine 
monoxygenase catalysed Bayer-Villiger oxidation (Scheme 4) and the 
catalysed chiral reduction for the synthesis of calcium channel blocker 
SQ31765 13 (Scheme 5).27,29 
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Scheme 5. Enzymatic asymmetric reduction for the synthesis of SQ31765. 
The diastereoselective reduction carried out in Scheme 5 was undertaken on 
the rapidly isomerising enol 12 to achieve intermediate 13. Catalysis by crude 
cellular extract provided only the desired syn isomer in a quantitative yield 
and near perfect (>99% ee) enantiopurity.29  
The application of enzyme catalysis extends to asymmetric C-C bond forming 
reactions.30 One recent study by Yu et al. demonstrates the biocatalysed 
asymmetric aldol reaction as carried out by a bovine pancreatic lipase (BPL) 
in a phosphate-citrate buffer solution (Scheme 6), though only moderate yield 
(65%) and optical purity (45% ee) was observed.31  
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Scheme 6. Bovine pancreatic lipase catalysed aldol reaction in buffer solution by Yu et al.31 
The aldol reaction depicted in Scheme 6 represents one of the fundamental 
reactions in organic chemistry. The aldol reaction forms a benchmark for 
catalyst evaluation and will be discussed in detail later in this thesis.  
Though biocatalysis has become a staple of asymmetric synthesis, the field is 
not without its drawbacks. The complex nature of enzymes means that 
tailoring biocatalysts for specific transformations can be difficult and often 
requires in depth biochemical knowledge.  
The need for small molecular weight, highly customisable and robust catalysts 
has led to the development of a third pillar of asymmetric synthesis, that of 
organocatalysis.32 
1.4 Organocatalysis 
Organocatalysis is defined as the use of small organic molecules to facilitate 
or accelerate a chemical transformation, as opposed to the use of metal based 
or enzymatic catalysts.33  The first instances of an organocatalysed 
asymmetric reaction was reported Eder et al. and later by Hajos and Parrish 
in 1974 who demonstrating an intramolecular aldol reaction facilitated by L-
proline to afford the desired bicyclic product 16 in quantitative yield with 
high enantioselectivity (Scheme 7).34,35  
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Scheme 7. The L-proline catalysed Hajos-Parish-Eder-Sauer-Weichert cyclisation.34,35 
Though this work showed promise, for many years the synthetic potential of 
L-proline 15 catalysis went largely unnoticed. It wasn’t until the last decade 
that catalysis using small molecules began to generate interest among the 
scientific community and establish itself as a powerful tool for the synthesis 
of complex, chirally enriched compounds. 
While several groups had established organocatalysis, the dramatic increase 
in interest within the field can be primarily credited to the seminal 
publication by List et al. in 2000.3,36,37 This pioneering work demonstrated the 
first example of the naturally occurring amino acid L-proline 15 catalysing the 
asymmetric, intermolecular aldol reaction of acetone with 4-
nitrobenzaldehyde 18 (Scheme 8).3 The prominent increase in interest can be 
attributed to several key features of the methodology. One reason for the 
rapidly expanding research focus is due to the global push towards 
environmentally sound and sustainable practices. This includes the use of 
environmentally sound practices and principles, many of which align with 
organocatalysis.38,39 Cost is another significant advantage as organocatalysis 
capitalises on affordable, naturally occurring molecules such as amino acids, 
reducing the reliance on difficult to access starting materials.1 Finally, these 
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naturally occurring building blocks possess an innate tolerance towards air 
and moisture. 
 
Scheme 8. The first example of the L-proline catalysed aldol reaction by List et al.3 
Since the first intermolecular asymmetric organocatalytic reactions were 
established by List et al., there has been a plethora of new organocatalysts 
developed capable of a vast range of asymmetric transformations that operate 
via a range of mechanisms. Due to the highly varied nature of organocatalysts, 
they can be classified according to the mechanism by which they catalyse 
chemical transformations.1  
Though several classes of organocatalyst are known i.e. chiral phosphoric acid 
catalysis, this thesis focuses primarily on amine catalysis.40 Currently the 
three mechanisms most often employed in amine organocatalysis are 
enamine catalysis, iminium catalysis or hydrogen-bonding catalysis. The 
variety of catalysts allow for a suite of potential transformations such as α-
functionalisations (L-proline 15),1 β-functionalisations (MacMillan catalysts 
such as 20 and Jørgensen prolinols)41,42 and conjugate additions (chiral ureas 
21),43,44 each facilitated by a distinct mechanism and mode of action as 
indicated in Table 1.1 
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Table 1. Amine catalysis modes of action adapted from MacMillan.1 
Class No. Example Catalyst Transition State 
Activation 
Mode 
Enamine  
catalysis 
15 
 
 
HOMO 
raising 
Iminium  
catalysis 
20 
 
 
LUMO 
lowering 
H-
bonding  
catalysis 
21 
 
 
LUMO 
lowering 
 
The summary presented in Table 1 is by no means exhaustive as other modes 
of action, such as singly occupied molecular orbital (SOMO) organocatalysis, 
are still being discovered and implemented through the application of novel 
small organic molecules.45,46 This broad range of catalytic activation has led to 
a plethora of novel organocatalysts, examples of which are presented in Table 
1 and Figure 2.   
The work presented in this thesis will focus on enamine catalysis, one of the 
most prominent branches of organocatalysis currently under investigation. 
Enamine catalysis is most often facilitated by L-proline 15 or derivatives 
thereof, and as such, proline derived organocatalysts will form the focus of 
this thesis.  
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Figure 2.  Snapshot of current organocatalysts.36,47-49 
1.5 L-Proline 15 organocatalysis 
A naturally occurring amino acid, L-proline 15 (Figure 3) has proven to be a 
powerful, versatile organocatalyst capable of facilitating a wide range of 
asymmetric reactions.42,50  
 
Figure 3.  L-proline 15 and its numbering. 
Consisting of a pyrrolidine ring unique among amino acids and a carboxylic 
acid appended to a stereocentre, L-proline has risen to be one of the most 
researched scaffolds within organocatalysis. This can broadly attributed to:51   
x As L-proline occurs in nature, it poses an easily isolated and affordable 
scaffold. 
x L-Proline exists within the “chiral pool” meaning that when found in 
nature it exists in an already enantioenriched form. This circumvents 
the need for the installation of chiral centres, a process that can be 
both time consuming and costly. 
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x L-proline is highly air and moisture tolerant. 
Many of the advantages associated with L-proline catalysis align with the 
“green chemistry” ethos.52 This increasingly popular philosophy champions 
the use of naturally sourced and environmentally sound materials, attributes 
that have become high priorities now that the environmental impact of 
chemical research and minimisation of cost has become a significant driving 
force behind much research.38  
1.5.1.  Catalysis via the enamine pathway. 
The mechanism by which L-proline 15 catalyses reactions is based on the 
enamine pathway, a method of α-alkylation first published by Stork et al. in 
1954.53 This research uses the reversible condensation of an amine with a 
carbonyl moity to facilitate an α-functionalisation, a novel and powerful 
transformation at the time.  
The mechanism for the α-alkylation of cyclohexanone 2 via the enamine  
pathway as published by Stork et al. (Scheme 9) proceeds through a 
condensation of an amine (in this case pyrrolidine 26) with ketone 2.54 
Elimination of water results in the iminium intermediate 28 which forms the 
active enamine 30. This active enamine is capable of undergoing nucleophilic 
reaction with a suitable electrophile (29), and the newly formed iminium 
substrate 31 is subsequently hydrolysed to afford the α-alkylated ketone 32. 
Though this proved a valuable method of alkylation, it wasn’t until the 
pioneering works by Eder, Sauer and Weichert, and Hajos and Parrish that 
this mechanism was utilised catalytically with any induced asymmetry.34,35 
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Scheme 9. α-Alkylation of cyclohexanone via a pyrrolidine enamine as published by Stork et 
al.54 
1.5.2.  The catalytic cycle of L-proline 15 
The mechanism by which L-proline 15 catalyses an asymmetric reaction 
(Scheme 10) is based on the previously discussed enamine pathway 
presented in Scheme 9. L-Proline 15 is unique among amino acids as it is 
comprised of a pyrrolidine ring, resulting in superior nucleophilicity of the 
secondary amine when compared to primary amine containing amino acids.32  
It is proposed that this enhanced nucleophilicity gives an enhanced rate of 
enamine formation when in the presence of a ketone or aldehyde bearing an 
α-hydrogen (compound 33, Scheme 10). Though the catalytic cycle of the L-
proline 15 catalysed aldol reaction is still under dispute, the mechanism 
proposed by List et al. is generally accepted and has since been supported 
independently by several research groups through computational and ESI-MS 
studies.55,56  
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Scheme 10. Generally accepted catalytic cycle of the L-proline catalysed α-functionalisation.3 
The first step in the L-proline catalysed aldol reaction is the condensation of 
the amine with the enolisable ketone 33 to afford enamine 34. This enamine 
(intermediate 34) then reacts with approaching aldehyde 35, facilitating the 
key C-C bond forming step. It’s the approaching geometry of the aldehyde that 
is a vital step in the generation of an aldol product with enhanced 
enantiopurity. Due to the stereochemical configuration of the carboxylate 
group, the approaching aldehyde will approach from one side of the planar 
enamine intermediate, guided by the hydrogen bonding afforded by the acid 
as illustrated in Scheme 13 structure 36. Regeneration of the L-proline moiety 
15 via hydrolysis affords the final aldol product 38 with two highly controlled 
stereocentres (highlighted in red and blue).  
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The broad scope of the enamine pathway means that L-proline is able to 
facilitate a range of α-functionalisations, the most common being the aldol, 
Michael and Mannich reactions.  The first and most frequently reported L-
proline organocatalysed reaction is the asymmetric aldol reaction which 
forms the basis for much of this thesis. 
1.6 L-Proline 15 catalysed aldol reaction 
The aldol reaction has become a fundamental transformation in organic 
chemistry.57 First reported by Wurtz in 1872, the aldol reaction is a reaction 
of an aldehyde with an enolisable carbonyl, allowing for the robust formation 
of C-C bond.58 This versatile reaction benefits from a mechanism that can be 
catalysed by either acid or base and is considered a staple organic 
transformation.5 Due to the zwitterionic nature of L-proline 15 (arising from 
the presence of both a pyrrolidine nitrogen and a carboxylic acid), aldol 
catalysis through both enamine activation and acid catalysed nucleophilic 
addition were thought to be possible.   
Seminal work by List at al. (previously illustrated in Scheme 8) first 
demonstrated the use of L-proline to catalyse the intermolecular 
enantioselective aldol reaction in a synthetically useful yield. This reaction 
has since become a benchmark for evaluating and comparing novel 
organocatalysts leading to L-proline being referred to as a “micro-aldolase”.3  
While being a successful and novel application of L-proline, the reaction in 
Scheme 8 has become emblematic of the shortcomings associated with 
proline catalysis. One of the most frequent criticisms of organocatalysis is the 
use of typically high catalysts loadings, often as high as 30 mol%, a drastic 
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increase when compared to transition metal catalysts which can efficiently 
catalyse reaction with loadings as low as 0.1 mol%.59,60 Additionally, 
organocatalysed reactions can often require long reaction times (often 
greater than 48 h), making them less attractive synthetic tools.61 
 
Scheme 11. Organocatalysed aldol of an α-amino aldehyde by Barbas et al.62 
The long reaction times and demanding catalysts loadings can also be 
compounded by a restriction in compatible solvents, often limiting solvent 
choice to a small range of solvents capable of dissolving L-proline such as 
DMF, DMSO or NMP (Scheme 11) that often prove difficult to remove during 
purification.62-66,67 To circumvent this undesirable restriction, in several cases 
catalyst solvation is encouraged by an additive such as NaOH, a method 
utilised by Tsogoeva et al., though in the presence of base the ee’s obtained 
did not exceed 70%.68  
1.7 The L-proline organocatalysed conjugate addition 
Along with the aldol reaction, the L-proline catalysed Michael addition has 
become another common reaction for catalyst evaluation. Conjugate additions 
have achieved prevalence due to the ease of which 1,4-difunctionalised 
compounds such as γ-nitro carbonyls can be accessed. These can often be 
derivatised into enantioenriched synthons, affording a range of complex 
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scaffolds used in synthesis. By implementing L-proline organocatalysis, these 
1,4-functionalised compounds can be accessed in high enantiopurity.  
 
Scheme 12. L-proline catalysed Michael addition reported by Enders et al.69 
The L-proline catalysed Michael reactions was first reported by Barbas et al. 
using acetone and trans-β-nitrostyrene 43, though despite good yields the 
products were furnished as racemic mixtures.37 It wasn’t until Enders et al. 
carried the reaction out in a protic solvent (Scheme 12) that the conjugate 
addition was catalysed with any synthetically viable enantiopurity, an 
improvement that was attributed to the improved solubility of the chosen 
catalyst within the methanolic solvent system.69,70  
Organocatalysed Michael additions have since been undertaken with a wide 
variety of L-proline analogues to afford a vast number of biologically 
important targets, such as the work towards the chiral synthesis of 
indoloquinolizidines by Rueping et al. (Scheme 13). In that instance a cascade 
approach centred around a key asymmetric Michael addition (to access 
synthons 51 in blue) was developed in order to access a range of biologically 
relevant scaffolds (52).71 
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Scheme 13. Organocatalysed Michael addition towards the cascade synthesis of 
indoloquinolizidines as carried out by Rueping et al.71 
Due to the practical ease of the organocatalysed Michael addition, coupled 
with the prevalence of asymmetric conjugate additions in natural product 
synthesis,  investigations are continuously being undertaken to improve the L-
proline catalysed Michael reaction in order to achieve more efficient and 
enantioselective means to access increasingly complex targets.72-75  
1.8 The L-proline 15 organocatalysed Mannich reaction 
Mechanistically analogous the aldol reaction, the Mannich reaction has 
become a similarly prominent reaction for organocatalyst evaluation. First 
reported by Mannich and Krösche in 1912, the Mannich reaction  provides an 
efficient means to access densely functionalised β-amino carbonyl 
compounds.76  The reaction typically occurs between an amine, and aldehyde 
and an enolisable ketone as depicted in Scheme 14. The initial step involves 
condensation of the amine 54 with aldehyde 43 to afford an imine/iminium 
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adduct 57 (depending on N-substitution). This electrophilic species then 
undergoes nucleophilic attack by enolate 56 to afford the chiral β-amino 
carbonyl 58.77 
 
Scheme 14. The three component Mannich reaction.78 
Due to the multicomponent nature of the Mannich reaction, it can be carried 
out several ways. Often an imine is generated through treatment of an 
aldehyde with an amine and subsequently isolated. This imine can then be 
treated with an enolate to afford the desired product. This two-step approach 
is often preferred when using a strong base such as LDA or KHMDS as the 
presence of water generated by the in situ imine formation can hinder 
reaction progress through quenching of the chosen base.  
An alternative to this two-step procedure can be carried out via the in situ 
generation of the imine and subsequent nucleophilic attack, an approach well 
suited to moisture tolerant organocatalysts. This approach circumvents the 
need to isolate the generated imine and is referred to the three component 
Mannich reaction (Scheme 14). This method has become an increasingly 
common means of catalyst evaluation, an increase due primarily to the 
complexity of the reaction compared the previously discussed aldol and 
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Michael reactions.79,80 The nature of the three component Mannich reactions 
means a catalyst can be evaluated through the yield, dr and ee and control 
over possible side reactions. 
 
Scheme 15. L-proline catalysed three component Mannich reaction carried out by List el al.81 
The first example of an L-proline 15 catalysed Mannich reaction was realised 
by List et al. in 2000 (Scheme 15).82 The published work demonstrated the 
ability of L-proline 15 to catalyse the three component Mannich reaction 
between 4-methoxyaniline 59, acetone 17 and a small range of aryl and alkyl 
aldehydes. Though the reaction proceeded with excellent enantiopreference, 
a high catalyst loading of L-proline 15 was required (35 mol%). Since this 
seminal work towards efficient organocatalysed three component Mannich 
reactions, many researchers have strived for greater conversions, improved 
chiral induction and the synthesis of increasingly complex targets.83-85  
 
Scheme 16. L-proline catalysed, three component Mannich reaction carried out under 
Ultrasonic conditions.86  
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Improved methodologies such as the ultrasonic facilitated Mannich reaction 
by Kantam et al. depicted in Scheme 16 have made great progress towards 
more efficient syntheses of β-aminocarbonyls, and research continues to 
further improve the versatility and efficiency of such reactions.86,87 
The reactions discussed thus far form the majority of literature examples of 
organocatalysed reactions most relevant to this project. Despite this, they 
represent only a small sampling of the transformations that can be accessed 
by L-proline catalysis. In addition to the aldol, Michael and Mannich reactions, 
L-proline 15 has been successfully applied to the Diels Alder cyclisation, 
Robinson annulation, Henry reaction and a plethora of other α-
functionalisations too broad to cover in this document (for a more detailed 
discussion into the catalytic versatility of L-proline 15 the reader is referred 
to the literature).42,67,88,89  
As the scope of L-proline 15 has expanded with the successful catalysis of a 
host of asymmetric reactions, attention has been turned towards improving 
the catalytic ability of proline itself through modification of the natural L-
proline unit.  
1.9 Organocatalysts derived from L-Proline 15 
Having established the versatility and capability of L-proline 15, attention 
inevitably turned towards improvement of the structure of proline and the 
impact that such structural modifications impart on catalytic ability. To this 
end, early investigations by List et al. focused on understanding the role of the 
L-proline structure within the mechanism of the L-proline organocatalysed 
reaction.3  
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Table 2. Elucidation of catalyst structure-activity as published by List et al.3 
 
Entry Catalyst Catalyst Yield ee(%) 
1 
 
15 68% 76% 
2 
L-His, L-Val, 
L-Tyr, L-Phe 
61-64 <10% n.d. 
3 
 
65 <10% n.d. 
4 
 
66 55% 40 
5 
 
67 <10% n.d. 
6 
 
68 67% 73 
7 
 
69 <10% n.d. 
8a R = OH 
8b R = OtBu 
8c R = OAc 
 
70 
71 
72 
85% 
<50% 
70% 
78 
62 
74 
9 
 
73 <50% 62 
 
The first catalyst alternatives investigated were several common amino acids 
L-histidine 61, L-valine 62, L-tyrosine 63 and L-phenylalanine 64  (Table 2, 
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entry 2) with each affording only slight conversions to the desired aldol 
product (<10%), although recent work with primary amine organocatalysts 
has since successfully demonstrated their ability to catalyse asymmetric 
reactions.47 N-Methylation of 62 to afford N-methyl-L-valine 65 showed no 
improvement in catalytic ability.  The heterocyclic amine 66 was trialled, 
resulting in a marked increase in catalytic activity, though this improvement 
was not achieved when the ring size varied from the pyrrolidine moiety to the 
six-membered piperidine analogue (catalysts 66 and 67, Table 2, entries 4 & 
5, respectively). Incorporation of a thioether into the pyrrolidine backbone of 
L-proline (68) had a negligible effect on all reaction outcomes (Table 2, entry 
6). 
Variation of the carboxylate group was briefly investigated in Table 2 entry 7 
where the carboxylic acid of L-proline was substituted for a terminal primary 
amide. This resulted in a significant decrease in catalytic activity, though since 
this report organocatalysts lacking a carboxylic acid functionality have 
become commonplace.90,91   
Further investigation into trans-4 functionalised proline architectures 70, 71 
and 72 afforded significant improvements in activity with trans-4-hydroxy-L-
proline 68 affecting the greatest yield and enantiopurity within the study. The 
key features determined by this study, such as the necessary five-membered 
ring and H-bond donating functional group, have since proven to be staples of 
novel organocatalysts.51 In keeping with these guidelines, a plethora of novel 
proline based organocatalysts bearing diverse and elaborate variations have 
been developed and evaluated in hopes of improving the catalytic potential of 
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the L-proline 15 moiety. This has been achieved through a vast range of 
modifications to various positions within the proline framework. 
 
Figure 4.  Common modifications occurring at the backbone (74), the carboxylate (75) or a 
combination of both (76). 
Modification to the proline structure has followed several approaches, 
primarily via modification at either the C4 through derivitisation of the 
pyrrolidine backbone, C6 position through derivitisation of the carboxylate 
moity (Figure 4, compounds 74 and 75, respectively), or through a 
combination of substitutions at both C4 and C6 positions (76). The variety 
and volume of research towards this goal has resulted in a wide variety of 
novel organocatalysts capable of a multitude of efficient transformations in a 
broad range of solvents. 
1.9.1.  Modification at the C4 position 
One of the prevalent structural elaborations carried out on the L-proline 
architecture is functionalization at the 4-position, a variation that arises 
primarily due to the availability of 4-subtituted proline analogues i.e. trans-4-
OH-L-proline 70.  A commonly reported structural theme, functionalization at 
the 4-position often affords significantly increased catalytic activity, vastly 
improved chiral induction and broader solvent compatibility.  This has been 
undertaken with great success by many research groups in order to achieve 
highly active L-proline derived organocatalysts.51 
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Figure 5.  Organocatalysts based on C4 modified L-proline.92-94 
The catalysts illustrated in Figure 5 represent a small cross section of the 
wide range of 4-functionalised organocatalysts that have been explored. 
Through careful implementation of selected groups the properties of each 
catalyst can be influenced. By introducing groups that contribute significant 
steric bulk, such as the TBDPSO group that decorates catalyst 77, the chiral 
induction of the catalysts can be bolstered. Such variations as those presented 
in Figure 5 often amount to improved lipophilicity, generally affording greater 
solubility which often results in greater rates of reaction. This is 
demonstrated by Li et al. whocoupled a long hydrophobic tail to L-proline via 
and ester at the 4-position (catalyst 78), resulting in an organocatalyst 
capable of acting as a surfactant, dramatically improving the catalyst’s utility 
in water over the natural L-proline alternative.93 Increasingly complex 
catalysts such as 79 have since been synthesised and evaluated.94 
One of the most prolific research groups currently investigating 4-substituted 
L-proline is Hayashi et al. Among the first to introduce siloxy groups onto the 
trans-4-hydroxy-L-proline motif (e.g. 77), Hayashi and co-workers have 
shown in great detail the activity and versatility of this class of catalyst. Based 
on a simple and affordable modification of trans-4-OH-L-proline 70, Hayashi’s 
catalysts have shown to be effective at catalysing not just a range of 
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transformations, but also in a broad spectrum of solvents including 
water.92,95,96  
 
Scheme 17. L-Proline on-water catalysed aldol reaction compared to the TBDMSO-proline.96 
Work presented in Scheme 17 illustrates the dramatic impact increases in 
lipophilicity bore on catalyst activity when using water as the reaction 
solvent. The TBDMSO-proline 80 organocatalysed aminoxylation (Scheme 18) 
represents one example of the versatility and efficiency of 80, and a broader 
representation of the applications of 80 can be found within literature. 96-98 
 
Scheme 18. O-nitroso aldol-Michael addition with L-proline 15 and the TBDMSO functionalised 
analogue 80.92 
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Scheme 19. Aldol reaction catalysed by L-proline based surfactant toward the synthesis of β-
diols.99 
A common theme when assessing the activity of C4 functionalised proline 
organocatalysts is the tendency for improved catalyst performance when 
used in aqueous systems. It was shown by Hayashi et al. that decorating 
proline with long alkyl chains (Scheme 19, compound 78) can produce an L-
proline based surfactant capable of facilitating the aldol reaction on-water 
with efficiency far exceeding that of natural proline.99 This phenomenon, 
where water acts not as a true solvent but rather facilitates a highly 
concentrated emulsion of reagents has been termed “on-water” catalysis.100 
On-water catalysis has since become a significant focus of organocatalysis in 
recent years and will be discussed in detail later within this thesis. 
Derivatisation of L-proline at the 4-position is just one approach that has been 
adopted by researchers in the search for more active organocatalysts. 
Another method that has been adopted for the functionalisation of L-proline is 
through modification of the carboxylic acid.  
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1.9.2.  Functionalisation at the C6 position 
Another frequently employed method of L-proline modification is through 
derivatisation of the carboxylate moiety. This has been undertaken by many 
research groups throughout the past decade to afford what has become a vast 
range of highly active proline analogues. 
 
Figure 6.  Snapshot of C6 modified L-proline based organocatalysts.101-103 
Approaches taken have been as varied as the addition of heterocyclic 
substituents such as pyridine or  triazole groups,104-106 lipophilic alkyl 
chains102 and sterically demanding phenyl rings decorated with electronically 
varied functionalities,107 examples of which are provided in Figure 6. One of 
the most prolific proline derivatives is that of the α,α-biphenylsiloxyprolinol 
50.92  
First developed by Jørgenson et al. to catalyse the α-sulfonylation of 
aldehydes (Scheme 20), easily accessed prolinol 50 has been established as 
one of the most efficient and versatile proline analogues to date.103 The 
versatility of the Jørgensen prolinol has proven to be one of its primary 
advantages over alternative catalysts as it has proven to be effective at 
catalysing a vast range of α-functionalisations including  aldol, Michael and 
Mannich reactions among a host of other cycloadditions and α-
functionalisations.108  
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Scheme 20. L-proline and biarylprolinol silylether catalysed α-sulfonylation. 
Alternatives to the Jørgensen catalyst have been explored by many research 
groups, and another commonly reported proline analogue is that of the L-
proline based dipeptide. First proposed in 2003 by Martin and List, the use of 
short peptides with proline N-termini are known and in recent years have 
become a topic of considerable interest.109  
 
Figure 7.  Proposed transition state of L-Pro-L-Phe O- Na+ salt for the on-water nitro-Michael 
addition as published by Tsogoeva et al.110 
One of the first effective applications of such a catalyst was by Tsogoeva in et 
al. in 2009  which described the synthesis and optimisation of a small series 
of L-proline based dipeptides for the on-water nitro-Michael addition.110 
Through exhaustive optimisation of the reaction system, Tsogoeva et al. 
managed to carry out the first asymmetric on-water Michael addition with 
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such a peptide in the presence of a NaOH additive. In doing so, work by 
Tsogoeva et al. led to the proposal of a water mediated transition state 
presented in Figure 7.110 
 
Scheme 21. Sample of dipeptides evaluated by Sung et al. showing the effect of additional 
chiral centres within a catalytic structure.111 
Since the work by Tsogoeva there has been subsequent investigation by Sung 
et al. to probe the implications of the stereochemistry of the C-terminus 
amino acid and its effect on catalyst activity and chiral induction (Scheme 
21).111 These studies by Sung et al. have shown the value of additional chiral 
centres within an organocatalyst. This was demonstarted through the 
functionalisation of the C-terminus of L-proline with a range of both D- and L- 
amino acids as depicted in Scheme 21. The benefit of additional stereocentres 
is further compounded by the presence of additional H-bond donating 
functionalities such as amide bonds and the chiral carboxylic acids.111 This 
approach has extended to the synthesis of novel small molecules that 
circumvent the restriction imposed by using only existing amino acids. These 
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small molecules often include numerous sterically directing groups and H-
bond donors not found in nature.112,113 
1.9.3.  L-Proline 15 based chiral ionic liquids 
A relatively new innovation within the field of organocatalysis is the 
incorporation of pendant ionic liquid (IL) tags onto the catalytic scaffold. First 
investigated by Miao and Chan in 2006, it was proposed that the 
implementation of imidazolium salt groups could have a profound effect on 
solubility, catalytic ability and recoverability of the catalysts.114  
 
Scheme 22. Imidazolium IL-tagged proline developed by Miao and Chan.114 
The incorporation of the IL-tag proved successful as the reaction progress 
showed that the inclusion of the imidazolium group improved solubility of the 
catalyst over unmodified L-proline, along with improved reaction outcomes 
(Scheme 22).114 The unique solubility properties afforded by the ionic moity 
allowed for simple recoverability through careful solvent selection, allowing 
for the catalyst to be reused up to fifteen times with little depreciation in 
activity. 
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Scheme 23. Recent IL-tagged proline derivatives bearing imidazolium, triazolium and 
pyridinium cationic units.115-117  
Stemming from that work, several groups have since investigated in detail the 
implications of a wide range of ionic liquid tags varying both the cationic 
group (such as imidazolium, pyridinium etc.) and the anionic groups 
(typically BF4- or PF6-), a snapshot of which is illustrated in Scheme 23.115,118-
120 Such work has led to new proposed transition states that describe how 
pendant ionic groups may influence catalyst transition states by improving 
enantioselectivity through substrate directing forces (Figure 8), or through 
the stabilisation of transition states through proximal electrostatic 
interactions.117,121    
 
Figure 8.  Role of pyridinium IL tag in the asymmetric Michael addition as published by Ni et al.117 
One of the foremost advantages of IL-functionalised organocatalysis is the 
ability to incorporate water into the reaction system. Representing the 
cheapest and most environmentally sound solvent system available while 
imparting significant effects on reactivity, catalysis in the presence of water 
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has become one of the most desirable properties of organocatalyst 
research.122 
1.10 On-water catalysis 
A growing focus within organic chemistry is the increasing incorporation of 
water as the reaction medium in organic transformations.123 This increasing 
dependence on aqueous systems has led to a push towards organocatalysed 
reactions facilitated in water. In these cases, despite the presence of water, 
the solvent is not aqueous; rather the reaction takes place within an 
emulsion.124 In such an emulsion, the organic “solvent” phase is composed of 
one of the reagents (for this thesis the reagent is typically a ketone).     
 
Scheme 24. Diels-Alder carried out on-water by Sharpless et al.100 
First reported in 2005 by Sharpless et al., an “on-water” reaction exists as an 
array of microdroplets wherein the reaction components are dissolved.100 
This was demonstrated by Sharpless et al. by comparing the rate of reaction 
of the Diels-Alder cyclisation in a range of solvents. It was found that 
significantly reduced reaction times were achieved when stirring reagents 
within an immiscible aqueous system (Scheme 24.). 
When these “on-water” systems are applied to organocatalysis, the increased 
rate of reaction is usually observed in complement to the products being 
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isolated in high enantiopurity. This high chiral induction is thought to arise 
from the vast numbers of H-bond donating hydroxyl groups present at the 
oil/water interface.125 These groups protrude from the aqueous phase into the 
organic droplet, affording opportunities for the active organocatalysed 
intermediate to be influenced and organised into highly controlled chiral 
arrangements leading to improved chiral induction. This is well represented 
by catalyst 105 investigated by Pedrosa et al., illustrated in Scheme 25.126 
 
Scheme 25. L-proline bis-amide structure (left) and proposed on-water transition state.126  
The transition state proposed by Pedrosa, illustrated in Scheme 25, showed 
the confirmation that bis-amide 105 adopts when influenced by the plentiful 
H-bonds present at the oil/water interface. The result of these interactions 
was an improvement in the organisation of the catalysed transition state, and 
hence an improved chiral induction.  
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Figure 9.  Proposed “on-water” transition state by Giacalone et al.127 
This is echoed by the H-bond mediated transition state proposed by Giacalone 
et al. depicted in Figure 9.  This proposed transition state involves alignment 
of the proline carboxylate adjacent to the oil/water interface ensuring 
lipophilic substituents are directed into the droplet. These interactions at the 
water/oil interface has formed the bases of many theorised transition states 
within organocatalysis, and as such the incorporation of H-bond accepting 
sites has become a significant component of organocatalyst design.128  
 
Scheme 26. On-water acid catalysed Claisen rearrangement by McErlean and Beare.129 
One additional advantage of on-water catalysis is through the potential acidic 
environment generated at the oil/water interface.130 First proposed and 
investigated by McErlean et al., this property has been utilised to carry out the 
on-water acid catalysed Claisen rearrangement (Scheme 26) and a three stage 
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oxidation-cycloaddition-epoxidation domino process for the synthesis of a 
range of natural product scaffolds.129,131 
This potential acidic environment at the oil/water interface could allow for 
acid mediated activation of electrophilic species or improved enamine 
formation, accelerating key steps within organocatalysed reactions. 
1.11 Multiple proline containing organocatalysts 
Although there has been significant attention towards new, highly active L-
proline based organocatalysts, there has been little attention given to the 
synthetic potential of organocatalytic scaffolds possessing more than one 
proline unit. 
 
Scheme 27. L-proline di- and tetra-peptide catalysed conjugate addition.132 
One of the earliest attempts to incorporate multiple proline units within one 
organocatalytic architecture was carried out in 2006 by Tsogoeva at al.132 In 
that study, short di- and tetrapeptides (113 and 114, respectively) consisting 
of a number of contiguous prolinamide units were synthesised and evaluated 
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(Scheme 27). Although catalyst 114 proved superior to 113 in terms of 
conversion, the number of organocatalytic prolinamide units when employing 
114 is twice that of dipeptide 113, suggesting no real benefit lays in 
additional proline units when coupled in a linear arrangement. It should be 
noted that a modest improvement in ee was also observed, though this 
change is negligible when justifying a significant change in effective proline 
concentration. 
As an alternative to this linear arrangement, it was proposed by Guiellena et 
al. that potential multi-proline catalysts may be advantageous if each catalytic 
site has the potential to interact cooperatively. This was successfully 
demonstrated by implementing a 2,2’-diamino-1,1’-binaphthalene (BINAM) 
scaffold, in principle mimicking an enzymatic pocket (Figure 10, compound 
115) and establishing the first reported C2-symmetric organocatalyst.133 
 
Figure 10.  BINAM based prolinamides by Guilenna et al., affording an enzyme mimicking 
conformation.133 
Two catalysts were synthesised and evaluated to probe the efficiency and 
chiral induction of a diprolinamide versus that of a monoprolineamide (116)  
Evaluation of each catalysts has shown that the presence of a second 
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prolinamide unit drastically improves the activity of the catalyst whilst 
slightly sacrificing the enantiopurity of the isolated products. 
 
Scheme 28. Comparison of BINAM based diprolianmide 115 and catalyst 116. 
From the comparative study summarised in Scheme 28 it can be seen that the 
proximal C2-symmetric diprolinamide 115 significantly out performs the 
single proline containing 116, achieving a near total conversion in three days. 
However, it can be noted that in THF the enantiopurity achieved by 115 was 
less than that of the monomeric organocatalyst 116, an effect that can be 
attributed to a significant increase in the rate of reaction. This was addressed 
through further optimisation of the solvent system and cooling to 0 °C, 
eventually affording yields and ee’s of 50 – 99% for ten examples.133  
The C2-symmetric BINAM scaffold poses just one of the many C2-symmetric 
architectures that could potentially be investigated for their suitability to 
form the basis of a multi-proline organocatalyst. The unique symmetry and 
opportunities for catalytic site cooperation have made C2-symmetric 
architectures a topic of interest within organocatalytic research, and as such 
there have been several recent developments within this field. 134 
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1.11.1.  C2-symmetric Organocatalysis 
Currently, work towards C2-symmetric L-proline based organocatalysts has 
been undertaken primarily by Guiellena et al., Zhao et al. and more recently 
Zlotin et al. represent the most prolific investigators into L-proline dimers 
based on the architectures.135-137 Work by these authors is summarised in 
Figure 11, with the selection of catalysts illustrated highly representative of 
the current state of the field. 
 
Figure 11.  Current bis-prolinamides based on BINAM, bi-aryl and phenylenediamine 
cores.135,137,138 
The previously discussed BINAM based dimer 115 by Guilenna et al. was one 
of the earliest examples of a C2-symmetric bis-prolinamide, itself based on the 
binapthal architecture often encountered in transition metal ligand design.135 
Compound 117 by Zhao et al. presents a similar core structure but employs 
the simpler biaryl bridge to afford a C2-symmetric organocatalysts capable of 
catalysing the aldol reaction in high yield and reasonable enantioselectivity 
(Scheme 29).138 C2-symmetric organocatalyst 118, provided by Zlotin et al, 
employed simple phenylenediamine bridge in order to afford a symmetric 
diprolinamide with proximal prolinamide units.137 
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Scheme 29. Bis-prolinamide catalysed aldol by Zlotin et al. 119 
Despite efforts toward investigating the impact of multiple proline units 
within one organocatalytic structure, current research is limited in what 
influences secondary structural features such as flexibility of catalytic site 
proximity may exert on reaction rate and enantioselectivity. For each catalyst 
in Figure 11, the prolinamide units are held in close proximity allowing for 
little individual movement or rotation of each catalytic site. As such, any 
opportunity for catalytically active sites to undergo synergistic or competitive 
processes through the adoption of a suitable conformation is negated by a 
rigidified scaffold. 
It was proposed by the author of this thesis that implementing a flexible 
scaffold within a C2-symmetric prolinamide may allow or even encourage 
cooperative interaction, potentially leading to increased efficiency and chiral 
induction.  
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1.12 Project aims 
1. To design and synthesise a novel, C2-symmetric proline based 
organocatalyst (Chapter 2) 
The first aim of this project is to design and synthesise a C2-symmetric 
diprolinamide with a flexible core. This flexible architecture should allow for 
the catalyst to more freely adopt the necessary conformations required to 
achieve an effective organocatalytic transition state. To date no published 
catalysts have investigated the effect of a flexible bridging unit in such a 
system. 
 
Figure 12.  Features present within the target C2-symmetric organocatalyst. 
2. To modify the synthesis to generate a range of diprolinamides of varying 
linking group length (Chapter 2) 
The second aim of this project is to vary the length of the linking unit in order 
to evaluate the effect catalytic site proximity imparts on a catalysts activity 
and chiral induction. This in-depth analysis into catalytic site proximity as a 
tuneable quality has not been investigated in any meaningful capacity prior to 
this project. 
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3. To evaluate the activity of diprolinamides via the aldol reaction 
(Chapters 3, 4 & 5) 
This range of catalysts will be evaluated by applying them to the aldol 
reaction. By using a well understood reaction system, variations in reaction 
outcome can be attributed to structural variations within each catalyst with 
more certainty to establish whether catalytic site proximity has an effect on 
catalyst activity and chiral induction. 
 
 
 
 
 
 
Figure 13.  Range of catalysts bearing alkyl bridges of differing lengths. 
Reaction outcomes and attributes that will be analysed in reaction time, 
catalyst loading, solvent compatibility, conversion into the desired product, 
diastereomeric ratio and enantiomeric excess.  
4. To apply these catalysts to complex reaction systems (Chapter 6) 
Once each catalyst has been fully evaluated they will be applied to a more 
demanding reaction system in order to assess their suitability for more 
synthetically or biologically challenging and relevant transformations.  
Effect on conversion 
dr and ee? 
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Chapter 2 
Design and Synthesis of C2-Symmetric 
Diprolinamides 
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Chapter 2  
2.1 Design and synthesis of C2-symmetric organocatalysts 
In order to address the first aim of this thesis, a C2-symmetric bis-proline 
architecture was to be designed. To provide a novel diprolinamide, the highly 
active and well researched trans-4-t-butyldiphenylsiloxy-L-proline 77 was 
chosen as the catalytic unit.139,140 To develop a synthesis that afforded a useful 
(and ideally active) C2-symmetric catalyst, two TBDPSO-proline 77 units were 
to be joined by a flexible alkyl linking group.  
 
Scheme 30. Retrosynthetic analysis of flexible C2-symmetric dimer. 
The linear diamines, 1,6-diaminohexane, was chosen for this purpose as it 
was thought this length would potentially allow for each catalytic site to 
operate either independently or cooperatively depending on the influence of 
the chemical environment. This echoes the approach adopted by Guillena et 
al. where a Binam scaffold was used to afford proximal prolinamides within a 
single architecture.133  Employing 1,6-diaminohexane also has the added 
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benefits of a simple installation procedure via an amide bond formation, 
which may provide the necessary H-bonding interactions shown to be highly 
influential in the control of chirality within an organocatalysed reaction. 
The retrosynthetic analysis presented in Scheme 30 shows the initial 
protection of the secondary amine with Boc2O to afford the N-protected 
amino acid. This allows for silylation of the 4-hydroxyl moiety affording a 
lipophilic N-Boc proline monomer which could be subsequently coupled via 
an amide moiety to each end of 1,6-diaminohexane. The resulting 
diprolinamide would then be N-deprotected to afford a potentially 
catalytically active C2-symmetric organocatalyst. The versatility provided by 
this synthetic approach would allow for a diverse range of bridging 
architectures to be investigated through easy variation at the 4-position. 
2.2 N-Boc protection of trans-4-OH-L-proline 70 
The use of protecting groups is ubiquitous within amino acid chemistry. The 
high density of functional groups with amino acids can potentially lead to a 
large number of undesired side reactions and polymerisations. As such, 
literature regarding modification of trans-4-OH-L-proline 70 often makes 
successful use of such protecting groups, in many cases utilising several 
orthogonal groups in order to efficiently generate a desired catalysts whilst 
maintaining synthetically viable yields.141 Two of the most common methods 
of protecting primary and secondary amines are via a tert-butoxycarbamate 
(Boc) or a benzyloxycarbamate (Cbz) group, installed from the respective 
anhydride or chloroformate.91,142,143  
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The first synthetic procedure in the planned synthesis of a C2-symmetric 
diprolinamide is the Boc protection of the proline nitrogen. Though a range of 
primary and secondary amine protecting groups are available, due to 
availability, literature precedent and suitability for the proposed synthons, 
the tert-butoxycarbamate (Boc) group was employed. 
The Boc group is tolerant of a wide variety of synthetic procedures and 
conditions such as the presence of strong bases, oxidative or reductive 
procedures, allowing for a broad range of potential synthetic procedures to 
remain viable transformations. The N-Boc functional group is typically 
cleaved in the presence of strong acid, a property that must be considered 
when devising synthetic strategies so as to avoid undesired deprotection. 
The tert-butoxycarbamate installation was initially carried out according to 
standard literature procedures, employing 1.2 eq. of Boc2O and 2 eq. of NEt3 
in a solution of 1,4-dioxane/H2O in a 1:1 ratio (Table 3, entry 1), giving the N-
Boc product in a 62% yield.144 Increasing the ratio of dioxane/water to 2:1 
and 3:1 afforded inferior yields of 44% and 55% respectively (Table 3, entries 
2 & 3).  
Substituting NEt3 with 1.6 eq. of aqueous NaOH (Table 3, entries 4 & 5) 
furnished modestly improved yields (57% – 67%), and thus success was 
further improved by increasing both the equivalents of base (from 1.6 to 2 
eq.) and reaction time (16 h to 48 h, Table 3, entry 6), furnishing the desired 
N-protected prolinol 112 in a 75% yield.145  
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Table 3. Optimisation of Boc protection conditions. 
 
Entry Boc2O (eq.) Solvent System Base Base Eq. 
Yield 
(%)a 
1 1.2 Dioxane/H2O (1:1) NEt3  2 62 
2 1.2 Dioxane/H2O (2:1) NEt3 2 44 
3 1.2 Dioxane/H2O (3:2) NEt3 2 55 
4b 1.2 Dioxane/H2O (2:1) 1M NaOH 1.6 67 
5b 1.1 Dioxane/H2O (2:1) 1M NaOH 1.6 57 
6c 1.1 Dioxane/H2O (2:1)  NaOH 2 75 
7 1 THF/H2O (2:1) NaOH 2.1 50 
8 1 THF/H2O (2:1) NaOH 2.5 30 
9 1.1 THF/H2O (2:1) NaOH 2.5 69 
10 1.3 THF/H2O (2:1) NaOH 2 56 
11d 1.3 THF/H2O (2:1) NaOH 2.5 56 
12e 1.3 THF/H2O (2:1) NaOH 2 83 
a: isolated yield 
b: NaOH introduced as a 1M aqueous solution 
c: reaction carried out for 40 h 
d: 0.1 eq of DMAP was used 
e: Reaction carried out for 72 h 
Best result highlighted in bold italics 
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The composition of the solvent system was also modified, substituting 1,4-
dioxane for tetrahydrofuran (THF). This variation is often reported in 
literature as THF and 1,4-dioxane are structurally similar, both being cyclic, 
saturated ethereal solvents.146,147 Unfortunately, this substitution gave no 
improvement in yield (Table 3, entries 7 – 12). Some success was achieved 
when the reaction was left for additional time with an increased presence of 
Boc2O (1.3 eq Boc2O for 72 h to furnish a yield of 83%), though due to the 
excessive time required this methodology was deemed not ideal for the 
purpose of protecting trans-4-hydroxy-L-proline 70.  
 
Scheme 31. DMAP catalysed Boc protection of 70. 
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In one instance an organic catalyst was used (Table 3, entry 11) in order to 
promote the installation of the tert-butoxycarbamate. The installation of the 
tert-butoxycarbamate has been reported by groups such as Miller et al. 
through the employment of 4-dimethylaminopyridine 120 (DMAP), affording 
the desired N-Boc products in high yields.148-150 The catalysed N-Boc 
protection is thought to occur via generation of highly active carbamate 
derivative 123 in situ, a mechanism of which is proposed in Scheme 31. As 
such, the conditions in Table 3, entry 10 were repeated with 0.1 eq. DMAP and 
additional base to ensure solubilisation of the proline unit (Table 10, entry 
11). Despite the published success with the DMAP catalysed protection, only a 
moderate yield of the N-Boc protected product 119 was recovered (56%) and 
as such, the addition of DMAP was not pursued further.151 
After extensive optimisation of the N-Boc protection procedure, the 
conditions depicted in Table 3 entry 6 (highlighted in bold italics) were 
deemed to be the ideal for the N-Boc protection of trans-OH-L-proline 70 and 
were used throughout the remaining investigation. 
2.3 Silylation of N-Boc 119 
Having synthesised the N-Boc protected proline 119, attention was turned 
towards functionalisation at the 4 position to install a group capable of 
bolstering the activity, chiral induction and solubility of the target 
diprolinamide. Given the success reported by Hayashi et al. when regarding 
silyl ether proline organocatalysts (Table 4, entries 3 – 5), silylation of the 
proline hydroxyl group was undertaken.92,96 
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Table 4. Effect of substituents at the 4 position when catalysing the on-water aldol reaction.96 
 
Entry R Catalyst 
Conversion 
(%) 
dr. 
(syn/anti) 
ee 
1 H 15 <5 N.D. N.D. 
2 OH 70 <5 N.D. N.D. 
3 TBDMSO 80 61 1:19 >99 
4 TIPSO 124 71 1:14 >99 
5 TBDPSO 77 78 1:13 >99 
Best results highlighted in bold italics 
Silylation of trans-4-OH-L-proline 119 has become a frequently employed 
transformation within organocatalysis. The advantages of installing sterically 
imposing groups such as tert-butyldimethylsiloxy or tri-iso-butylsiloxy groups 
have shown to contribute significantly to the lipophilicity and chiral induction 
of an organocatalyst.96 The effect of such lipophilic moieties has been 
thoroughly investigated by Hayashi et al. who demonstrated the advantages 
of this approach across a broad range of conditions and reactions.92,152 
Extensive modification at the 4 position has given insight into the effect 
substitution at this position has on reaction outcomes, illustrated by the 
dramatic improvements in activity and enantioselectivity described in Table 
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4.95 The results from the optimisation studies of Hayashi et al. presented a 
clear indication that the presence of a lipophilic moiety on the prolinol 
backbone has a profound effect on catalyst performance when utilised in the 
presence of water.  
In order for the target C2-symmetric dimer to achieve optimum solvent 
compatibility and enantioinduction, the sterically demanding TBDPSO group 
was chosen. Unfortunately, limited availability of TBDPSCl due to supplier 
backorder it was decided that the silylation methodology was to be optimised 
with TBDMSCl and later applied to the chosen TBDPSCl when the appropriate 
reagents became available.   
Initially, the direct silylation of the trans-OH-N-Boc-L-proline was to be 
carried out with an excess of TBDMSCl, allowing for the proline unit to 
undergo silylation at both the hydroxyl and the carboxylate groups. It was 
thought that the TBDMS-ester would be labile enough to be hydrolysed upon 
the introduction of water via an aqueous workup (Scheme 32).  
 
Scheme 32. Silylation of trans-OH-N-Boc-L-proline. 
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The silylation was first attempted using tert-buytldimethylsilylchoride 125 
employing conditions modified from Ono et al. as described in Scheme 32. 153 
Purification of the crude product by column chromatography and subsequent 
analysis by 1H NMR showed the presence of a complex mixture with little 
evidence of the silylated product 127. This outcome was attributed to only a 
small amount of the desired in situ hydrolysis occurring. The silylation was 
repeated with the addition of NaOH after the initial reaction period to 
promote cleavage of the silyl ester. The basified mixture was allowed to stir 
for 2 h to allow for total hydrolysis of the silyl ester, though 1H NMR analysis 
of the crude extract again showed a complex mixture of products. 
Due to the complication that arose from the free carboxylate moiety, attention 
turned to protection of the prolinol C-terminus, an approach echoed by Zhang 
et al. in their synthesis of 4-phenoxy substituted L-proline 130 (Scheme 
33).144 
 
Scheme 33. Synthetic strategy utilising orthogonal protecting groups as implemented by 
Zhang et al.144 
In the procedure utilised by Zhang et al., the carboxylate moiety was masked 
with a benzyl ester to allow for selective reaction at the 4-position with the 
nucleophilic phenol to give phenoxy substituted benzyl ester 130.154 Due to 
their stability, ease of installation, mild cleavage conditions and orthogonality 
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to the installed N-Boc group, a benzyl ester was chosen as the most viable 
protection of the carboxyl moiety.155,156  
2.4 Benzyl protection of N-Boc proline 119 
The benzyl protection of N-Boc prolinol 119 was initially attempted with 
conditions adapted from Qui and Qing (Table 5, entry 1).146  
Table 5. Benzyl protection of trans-OH-N-Boc-L-proline 119. 
 
Entry 131 (eq.) Base (eq.) Solvent Yield (%)a 
1 1.1 NEt3 (1.1) THF 67 
2 1.1 NEt3 (1.2) THF 64 
3 1.1 NEt3 (1.3) THF 43 
4 1.1 NEt3 (1.5) THF 30 
5b 1.1 NEt3 (1.5) THF 45 
6 1.1 NEt3 (2) THF 47 
7 1.2 NEt3 (1.2) THF 84 
8 1 Cs2CO3 (0.5) DMF 78 
9c 1 Cs2CO3 (0.5) DMF 90 
a: Isolated yield 
b: Reaction diluted with additional THF 
c: Reaction carried out for 40 h 
Best result is in bold italics 
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The procedure involved cooling a stirred mixture of N-Boc-prolinol 119 and 
triethylamine for 5 minutes followed by the slow addition of neat benzyl 
bromide 131. The resulting solution was allowed to reach room temperature 
and stirred for an additional 16 hours whereupon the final solution was 
evaporated under reduced pressure and redissolved in DCM, followed by an 
aqueous workup. Purification of the crude product via column 
chromatography gave the target benzyl ester 128 in a 67% yield.  
A brief optimisation was undertaken utilising varied equivalents of 
triethylamine (Table 5, entries 2-7), though it was found additional base 
reduced the yield of the protection from 67% to 30% (Table 5, entries 2-4). 
The reaction is reportedly carried out Zhang et al. under anhydrous 
conditions as water present within the reaction mixture could potentially 
generate the undesired benzyl alcohol 158, consuming the available benzyl 
bromide (Scheme 34). To mitigate the effect of this undesired side reaction, 
the amount of benzyl bromide was increased from 1.1 eq. to 1.2 eq. (Table 5, 
entry 7) furnishing the protected species 128 in a yield of 84%. 
 
Scheme 34. Competitive hydrolysis of benzyl bromide. 
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To further improve the protection strategy and overall yield of the synthesis, 
an alternate base was used. Adapted from a method published by Hodges and 
Raines, triethylamine was substituted for 0.5 equivalents of Cs2CO3, 
necessitating a shift towards a more polar solvent (DMF) to accommodate the 
mineral base.156 This method was attempted with reaction times of 16 hours 
(table 5, entry 8) and 40 hours (table 5, entry 9), each showing improvements 
over the previously evaluated methods. Despite the minor increase in yield 
compared to the triethylamine methodology (Table 5, entry 9 vs. entry 7, 90% 
and 84% yield respectively), the use of difficult to remove DMF and 
substantially increased reaction time meant this methodology was not 
preferred.   
The benzyl protection methodology reported in Table 5, entry 7 (Scheme 35) 
afforded the benzyl protected prolinol 128 in a yield of 84%, the best of the 
optimisation study and were used throughout the remainder of the research 
project. 
 
Scheme 35. Optimised reaction conditions for the benzyl protection of N-Boc-L-proline 
carboxylate. 
With the trans-4-OH-N-Boc-L-proline benzyl ester 128 in hand, silylation at 
the 4 position was reattempted with TBDMSCl due to persisting issues with 
availability of TBDPSCl. 
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2.5 Silylation of benzyl protected 128 
The silylation of benzyl ester 128 procedure was attempted with the 
conditions previously applied to trans-4-OH-N-Boc-L-proline (Table 6, entry 
1) as published by Ono et al.153 Employing an excess of TBDMSCl 133 and 
imidazole (1.2 eq. and 2.4 eq. respectively) as reported by Ono et al. afforded 
the silylated product 134 in a modest yield of 30% (Table 6, entry 1). It 
should be noted that this was a marked improvement over previous silylation 
attempts undertaken with free acid 127, though optimisation was still 
required. 
Table 6. Optimisation of silylation of bis-protected 128. 
 
Entry TBDMSCl (eq.) Imidazole (eq.) Additive Yield (%) 
1 1.2 2.4 - 30 
2 1.1 2.2 - 60 
3 2.2 4.4 - 75 
4 2.2 4.4 DMAP (0.1 eq.) 85 
5 1.5 2 DMAP (0.2 eq.) 74 
Best result is presented in bold italics 
Work by Iwabuchi et al. has demonstrated efficient silylations of similar 
proline systems by employing an excess of the proline reagent.157 As this was 
not ideal due to the limited quantity of prolinol 128, a slight excess of 
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TBDMSCl (1.1 eq. down from 1.2 eq.) was instead implemented (Table 6, 
entry 2), affording an improved yield of 60%. In addition to the reduced 
quantity of silane, Iwabuchi and co-workers also demonstrated success 
through implemented a considerable excess of both TBDMSCl and imidazole, 
a strategy employed in Table 6, entry 3, affording  siloxy proline 134 in an 
improved yield of 75%.157 
One approach taken by Zhang and Yuan to improve silylation of 4-OH-L-
proline with tris-trimethylsilyloxy chloride was the introduction of a catalytic 
quantity of DMAP 136, a proposed mechanism of which has been provided in 
Scheme 36.158 Employing this method (Table 6, entries 4 and 5) furnished the 
desired silylated product 128 in an 85% yield. 
 
Scheme 36. Role of DMAP in the silylation of 4-OH-L-proline 128. 
Due to the promising outcome furnished by the DMAP catalysed silylation 
procedure (Table 6, entry 4), the reaction was reattempted with an increased 
quantity of DMAP (0.2 eq. up from 0.1 eq.). To reduce the presence of 
unreacted starting materials in the final product, other reagent were used in 
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reduced loadings. Though a reasonable yield of 74% was obtained, the 
conditions determined in Table 6, entry 4 (85%) remained the most 
successful and were used throughout the remainder of this project. 
Having optimised the silylation protocol with the tert-
butyldimethylsilylchloride 133, the refined methodology was applied to the 
more sterically demanding TBDPSO moiety which had become available. 
Employing TBDPSCl was preferable as TBDPSO-proline has been frequently 
reported to be the optimal catalyst for the “on-water” aldol reaction.96,159  
Table 7. Synthesis of tert-butyldiphenylsilyl ether 140. 
 
Entry TBDPSCl (eq.) Imidazole (eq.) DMAP (eq.) Yield (%)a 
1 2.2 4.4 0.1 50 
2 1.5 2 0.1 22 
3 1.5 4 0.8 14 
4 1.1 4 0.4 22 
a: Determined by 1 H NMR of crude mixture after column chromatography. 
Silylation of 128 with the recently obtained silylating agent TBDPSCl 139 
(Table 7, entry 1) was attempted with the conditions optimised for TBDMSCl 
(Table 6, entry 4), affording the product as an inseparable mixture of silylated 
proline 140 and silyl chloride 139. Integration of key peaks with 1H NMR 
spectra showed the desired product to comprise 50% of the crude product. 
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To reduce the presence of silyl chloride 139 in the final product, the loading 
of 139 was decreased (Table 7, entries 2 – 4), accompanied by increased 
equivalents of imidazole and DMAP to promote complete consumption of 
proline 128. Unfortunately each experiment furnished impure 140 with 
depressed yields as determined by 1H NMR (Table 7, entries 2 - 4, 22%, 14% 
and 22% respectively). 
Analysis of the crude product by 1H NMR showed a ratio of the desired silane 
140 to silyl chloride 139 of approximately 4:1. Visualising the crude product 
by thin layer chromatography showed the target siloxyproline 140 possessed 
very similar Rf value to that of the silyl chloride starting material. When the 
crude mixture was subjected to column chromatography, significant co-
elution was observed, resulting in a substantial decrease in isolated yield 
(typically 30% – 40%). To rectify this difficulty in chromatographic 
purification, the crude siloxyprolinol reaction mixture was to be subjected to 
a catalytic hydrogenolysis to reveal the carboxylic acid, effecting a change in 
Rf that would allow for purification prior to amide formation and offer a 
potential handle for acid/base extraction.  
2.6 Hydrogenolysis of benzyl ester 140 
In order to couple the synthesised TBDPSO-L-proline monomer 142 to a 
central bridging diamine, the carboxyl group must be liberated via cleavage of 
the benzyl ester. This is commonly carried out via catalytic hydrogenolysis 
using palladium on activated charcoal and a hydrogen source, typically 
atmospheric (H2(g)) or chemical (cyclohexadiene) to form the desired free acid 
and toluene 143.141 First reported in 1932 by Connors and Adkins, 
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hydrogenolysis has since become a standard method of benzyl group 
cleavage.160  
 
Scheme 37. Proposed mechanism for the hydrogenolysis of benzyl ester 140 with 
heterogeneous Pd/C. 
Catalytic hydrogenolysis was ideal for this synthesis as it occurs under 
neutral conditions, orthogonal to both the acid labile N-Boc group and 
fluoride cleaved TBDPSO group present in 140.143,156 
Hydrogenolysis of the benzyl ester was first attempted under standard 
conditions with 10 wt. % palladium on activated charcoal (Pd/C) in methanol 
under a H2 atmosphere at balloon pressure (141, Scheme 37).141 Stirring the 
reaction mixture for 16 h followed by subsequent filtration through celite and 
purification by silica gel chromatography afforded a clean hydrogenolysis in 
moderate yield (47%) as determined by the absence of key peaks within 1H 
NMR spectra (δ ≈ 5.81 ppm). This was improved by extending the reaction 
time from 16 h to 24 h which furnished the isolated benzyl deprotected 
proline 142 in a yield of 72% over two steps (Scheme 38). With the free acid 
N-Boc protected TBDPSO-proline 142 in hand, attention was turned towards 
coupling 142 to a flexible scaffold via an amide bond. 
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Scheme 38. Benzyl ester deprotection of 140. Yield determined after two synthetic steps. 
2.7 Amide coupling of monomer 142 to a symmetric bridge 
Having successfully synthesised the TBDPSO-N-Boc proline monomer 142, 
the next step in the synthetic strategy was to tether it to each end of a flexible, 
linear C2-symmetric linking structure. As previously discussed, 1,6-diamino 
hexane 144 has been chosen as the bridging group due to its simplicity, 
availability and the presence of amines allowing for coupling via amide bonds 
(Scheme 39).  
 
Scheme 39. Implications of the structural properties of the chosen linker and coupling 
method. 
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An amide formation was chosen as the ideal method of coupling to the chosen 
core substrate. Frequently encountered in peptide synthesis, amide couplings 
have many advantages that make them valuable connections within this 
synthesis.  
Due to the electron withdrawing, enolisable nature of the amino-carbonyl 
arrangement, amide bonds contribute significant hydrogen bonding 
interactions towards H-bond accepting electrophiles (such as in 148, Figure 
14).161 As chirality in L-proline catalysed reactions is derived from such 
interactions at the C6 position, this directing force will aid in producing 
optically enriched products. The product in Scheme 39 shows the H-bond 
donating amides within the target diprolinamide 145 in blue. These amides 
direct the electrophile for nucleophilic attack by the enamine. This results in 
organocatalytically generated products in both high diastereomeric and 
enantiomeric purity.161  
 
Figure 14.  Stereoselective aldol reaction catalysed by L-prolinamide. H-bond donating amide is 
in blue.161 
The stereochemistry at the α-position of the resulting diprolinamide is of 
great importance as this is one of the main sources of chirality within 
organocatalysed transformations. As such, measures must be taken to ensure 
no epimerisation of the bis-protected trans-4-OH-L-proline unit 142 occurs 
 64 
 
during the amide coupling procedure, often achieved through careful control 
of temperature and choice of additives. 
There are several methods of amide formation currently used in organic 
chemistry. These include the use of acyl halides, mixed anhydrides, activated 
esters etc., though one of the most frequently citied amide forming 
procedures is the use of carbodiimides.162 First developed and implemented 
in König and Geiger in 1955, carbodiimide couplings have since become a 
mainstay of peptide chemistry.163,164  
 
Scheme 40. Racemisation via enolisation during carbodiimide coupling. 
One potential drawback encountered with such carbodiimide coupling is the 
risk associated with the scrambling of the stereochemistry within the reacting 
substrates. Racemisation of the organocatalyst can occur through 
epimerisation at the α-carbon due to the acidity of the α-hydrogen, illustrated 
in Scheme 40. This stereogenic centre is fundamental in the organocatalytic 
mechanism of L-proline 15 providing the H-bonding interactions that control 
the plane of electrophile approach. Epimerisation at this chiral centre can 
substantially sacrifice any enantioselectivity within the target organocatalyst.  
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Scheme 41. Mechanism for HOBt mediated amide formation using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide.164 
To circumvent this undesired epimerisation, additives are employed, the most 
common example being a catalytic amount of 1-hydroxybenzotriazole 154 
(HOBt). The first instance of a HOBt mediated amide coupling was reported 
by König and Geiger in 1970. Their work demonstrated the effect HOBt had 
on the progress and optical purity of a DCC mediated peptide coupling, 
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showing significantly reduced epimerisation and improved yields upon 
addition of the additive.163 The mechanism by which this loss of enantiopurity 
is minimised is via the interception of the enolisable intermediate (such as 
149) by HOBt. This affords a highly activated benzotriazole ester 156 that 
reacts with the nucleophilic amine at a significantly increased rate, 
minimising the risk of racemisation at the α-position.  
Due to both the availability of EDCI.HCl 151 and the solubility of the urea by-
product 155 in water, EDCI.HCl 151 was employed as the amide forming 
reagent, the mechanism of which is depicted in Scheme 41.164 The first step in 
the amide formation mechanism is the protonation of diimide 151 by 
carboxylic acid 119. This activated carbodiimide 152 is then attacked by the 
nucleophilic carboxylate to afford an O-acylisourea intermediate 149. This 
activated ester is highly susceptible to nucleophilic substitution, a property 
driven by the formation of the highly stable, water soluble urea product 155. 
Interception of 149 by HOBt 153 rapidly forms the activated ester 156 which 
undergoes nucleophilic attack by 1,6-diaminohexane 144 to afford the 
desired amide 157.  
The amide coupling was originally carried out using EDCI.HCl 151 (1.05 eq.) 
and a HOBt 129 (0.24 eq.). After the addition of diamines 143, the solution 
was stirred in DCM at 0 °C for 1 h and subsequently stirred overnight allowing 
to reach room temperature (Table 8, entry 1).165,166 Unfortunately, under 
these conditions only 19% of the desired N-protected diprolinamide 145 was 
isolated. 
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Table 8. Optimisation of the amide coupling of 142 and 1,6-diaminohexane. 
 
Entry EDCI (eq.) 
HOBt 
(eq.) 
Time (h) Solvent Yield (%) 
1a 1.05 0.24 16 DCM 19 
2ab 1.24 0.27 24 DCM 26 
3 1.05 0.24 16 DCM 63 
4 1.24 0.24 24 DCM 80 
5 1.05 0.2 48 DCM 80 
6 1.05 0.24 24 THF 16 
7 1.05 0.24 24 DMF 52 
a: 2 M HCl used in acidic workup  
b: Reaction carried out with ½ volume of DCM 
Best result presented in bold italics 
 
The reaction was repeated at a higher concentration and to ensure reagent 
interaction and promote coupling but only a slightly improved yield (26%) 
was obtained (Table 8, entry 2). A possible reason for the poor yields 
achieved in entries 1 and 2 may be due to degradation of 145 during the 
acidic (2M HCl) aqueous workup. In both examples an acidic workup using 
three additions of 2M HCl could potentially deprotect the secondary amine of 
each pyrrolidine ring. To address this, the reaction conditions in entry 1 were 
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reattempted with a milder acid (10% w/w citric acid) used within the work-
up procedure to afford a significant increase in isolated yield (63% improved 
from 26%, Table 8, entry 3). 
Extending the reaction time (Table 9, entries 4 and 5) to 24 and 48 hours 
afforded the product in a further improved yield of 80% in both cases. 
In order to further improve the peptide coupling methodology, a brief solvent 
screening was undertaken. The conditions reported in entry 4 were 
reattempted with THF and DMF (Table 8, entries 6 & 7), though alternate 
solvent afforded a depressed yield compared to the yield achieved in DCM 
(16% and 52% respectively compared to 80%).167  
 
Scheme 42. Optimised amide formation. 
Having successfully optimised the amide formation to afford the N-Boc 
protected diprolinamide 145 (Scheme 42), deprotection of the N-tert-
butoxycarbamate was undertaken.  
2.8 Deprotection of N-Boc diprolinamide 145 
To successfully be employed as an asymmetric organocatalyst, the pyrrolidine 
nitrogen of 145 must be deprotected to reveal the proline secondary amine. 
There are a range of established methods for the efficient deprotection of the 
Boc protecting group, typically under acidic conditions.141 One of the most 
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commonly observed deprotection strategies within the field of L-proline 
organocatalysis is the use of a TFA/DCM mix in a 1:4 ratio, though higher 
concentrations have been reported.142,144,168  
Table 9. Optimisation of N-Boc deprotection of 145. 
 
Entry TFA (% vol.) Time (h) Yield (%) 
1 20 16 decomposition 
2 20 1 decomposition 
3 15 16 93 
4 10 16 99 
5 5 16 92 
Best entry is presented in bold italics. 
For this synthesis, an acid concentration of 20 vol% TFA/DCM was utilised 
(Table 9, entry 1), affording the product as a pale oil.127 Unfortunately, 
analysis by 1H NMR showed the isolated product to be an unidentifiable 
mixture of compounds with no trace of the desired N-Boc deprotected 
diprolinamide 158. Reduction of the reaction time from 16 h to 1 h (Table 9, 
entry 2) showed a similar complex mixture upon 1H NMR analysis. 
  
Lowering the concentration of TFA in DCM to 15% v/v afforded pure catalyst 
158 in a yield of 93% in 16 h. Further reducing of the concentration of TFA to 
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10% v/v (Table 10 entry 4) gave a quantitative deprotection to the desired 
product in >95% purity,  while further reduction of TFA concentration (Table 
10, entry 5, 5% v/v) gave the desired product in a slightly depressed yield of 
92%. Due to high yield and mild nature determined in entry 4, 10% v/v TFA 
in DCM was used as the deprotection strategy for the remainder of this 
project. 
With an optimised, divergent synthetic strategy in hand, the established 
synthesis was applied to diamines of various lengths. 
2.9 Synthesis of organocatalysts bearing different bridge 
lengths 
One of the primary advantages of the chosen synthesis is the versatility it 
affords regarding linking group selection. As the potential for catalytic unit 
cooperation/competition is a focus of this project, it is ideal to have an 
influence over the distance between each catalytic moiety, a property 
controlled through the choice of linear diamines used for the amide coupling 
process. As a result of this divergent synthetic methodology, a range of C2-
symmetric diprolinamides can be synthesised without any significant 
departures from the established, optimised synthetic methods. 
The optimised amide formation protocol was applied to two alternative linear 
diamines: 1,4-diaminobutane 159 and 1,12-diaminododecane 160. By 
comparing the resulting diprolinamides proximity can be investigated and the 
effect these distances impress upon catalytic ability and chiral induction can 
be compared.  
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Scheme 43. Amide coupling of diaminobutane and diaminododecane linking groups to N-Boc 
protected L-proline monomer. 
Amide formation was carried out using both using the previously optimised 
conditions to afford butane analogue N-Boc protected diprolinamide 161 and 
dodecane containing N-Boc protected diprolinamide 163 in yields of 85% and 
42%, respectively (Scheme 43). Each N-Boc protected diprolinamide was 
subsequently deprotected under the previously optimised acidic conditions to 
afford C2-symmetric organocatalysts 162 and 164 in near quantitative yield. 
One drawback to the current optimised synthesis is the relatively low overall 
yields achieved for each diprolinamide (158, 162, and 164 isolated in yields 
of 38%, 36% and 19%, respectively). To improve the overall synthesis yield of 
each C2-symmetric diprolinamide, the silylation of 70 was revisited. It was 
thought that a more direct synthetic strategy would reduce the reliance on the 
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laborious, protecting group focused synthesis. To this end, the procedure 
proposed in chapter 2.3 was reinvestigated. 
2.10 Revisited silylation of trans-4-OH-L-proline 70 
Parallel to evaluation of each organocatalyst, a study was carried out in order 
to achieve efficient and selective monosilylation of trans-4-OH-L-proline 70, 
allowing for a more direct, less protecting group driven approach to be 
developed (Scheme 44).  
Examination of literature uncovered a recent protocol by McQuade et al. 
adapted from a procedure first reported by Orsini et al. for the installation of 
TBDPS onto trans-4-OH-L-proline. 169,170 The protection strategy described by 
McQuade and co-workers deviates from that previously attempted in this 
thesis by incorporating a specific silyl ester deprotection protocol through 
treatment with NaOH in a water/MeOH/THF mixture, a procedure that was 
briefly touched upon in Chapter 2.3 with no success.  
The revised procedure was carried out according to literature conditions 
(Scheme 45) with a substitution of TBDMSCl for the desired tert-
butyldiphenylsilyl chloride to afford the desired mono-silylated product in 
near quantitative yield (97%) without any optimisation required.169  
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Scheme 44. Original synthesis of monomer 142 in blue, and the more direct procedure to be 
investigated in red. 
The monosilylated prolinol 77 was then N-Boc protected using conditions 
previously developed in Chapter 2.1 in good yield (Scheme 45, 79% over two 
steps). 
 
Scheme 45. Revised silylation procedure adapted from McQuade et al.169  
With the successful mono-silylation procedure in hand (Scheme 46 in red), 
the synthesis of diprolinamides 162, 158 and 164 was repeated. This more 
direct procedure gave access to diprolinamides 162, 158 and 164 in yields of 
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66%, 63% and 33% respectively over four synthetic steps, a significant 
improvement from the original protecting group reliant synthetic strategy. 
 
Scheme 46. Optimised synthesis of diprolinamides via protection strategy (blue) and direct 
silylation (red). 
2.11 Conclusion 
From the work presented within this chapter, three novel C2-symmetric 
diprolinamides possessing linking architectures of various lengths have been 
synthesised. The synthetic methodology has been optimised to afford each 
catalyst 162, 158 and 164 (Scheme 47) in reasonable yields (66%, 63% and 
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33% respectively) over four synthetic steps. The optimised synthesis has the 
potential to access these diprolinamides in gram quantities.  
 
Scheme 47. Current range of novel, C2-symmetric diprolinamides. 
The work presented in this chapter has been reported as part of the following 
publication: Delaney JP, Henderson LC. Direct Asymmetric Aldol Reactions in 
Water Catalysed by a Highly Active C2-Symmetrical Bisprolinamide 
Organocatalyst. Adv. Synth. Catal. 2012; 354: 197-204. 
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Chapter 3  
3.1 Evaluation Criteria 
With three novel C2-symmetric diprolinamides in hand, an evaluation of their 
catalytic potential was undertaken. To provide a background for comparison 
across the range of C2-symmetric organocatalysts, hexane based 
organocatalyst 158 was the first to be fully evaluated. For the accurate 
evaluation of catalyst 158, the aldol reaction (Scheme 48) was employed as 
the model reaction system.  
 
Scheme 48. A generalised aldol reaction for the purpose of organocatalyst evaluation. 
The aldol reaction is prevalent in organocatalyst evaluation and has become a 
benchmark reaction due to several key factors; the reaction system is simple 
requiring just two reagents, at least one stereocentre is generated, and the 
mechanism of the aldol reaction is well understood meaning information 
regarding potential catalytic mechanisms can be postulated with 
confidence.3,171  The organocatalysed aldol reaction is often simplified through 
the implementation of relatively uncomplicated substrates such as acetone or 
simple aryl aldehydes, meaning products and diastereomeric ratio can be 
readily identified by 1H NMR spectroscopy, and enantiopurity can be easily 
determined by chiral HPLC.172  
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In order to evaluate the catalytic activity of a catalyst in the aldol reaction, 
three reaction outcomes are measured: conversion to the desired product 
relative to the aldehyde, diastereomeric ratio (dr) of the resulting product 
mixture, and the enantiopurity of the major diastereomer. An ideal catalyst 
would afford a highly enantiopure product (dr >95/5, ee >99%) in a 
synthetically useful yield (>65%) while requiring a relatively low catalysts 
loading (e.g. <5 mol%) across a broad range of solvents including water. 
3.1.1.  Determining conversion and diastereomeric ratio 
Evaluating the conversion to the desired product provides a means of 
measuring a catalyst’s ability to facilitate a transformation within a given 
time. This was determined by integration of key peaks within the 1H NMR 
spectra of the crude aldol product (Figure 15). This affords the ratio of 
product to starting materials, allowing for an accurate representation of the 
reaction progress.  
The example 1H NMR spectrum in Figure 11 depicts the peaks of interest that 
are required to determine conversion. The peak at (δ) ≈ 10 ppm (highlighted 
in blue) indicates the remaining unreacted aldehyde present within the final 
reaction mixture, while the aldol product is present as two peaks (indicated in 
red); the syn diastereomer at (δ) ≈ 5.3 ppm and the anti diastereomer, present 
at (δ) ≈ 4.7 ppm. This quantitative data can be used to determine the 
conversion facilitated by an organocatalyst as a percentage.  
The diastereomeric ratio can be determined as a percentage by integration of 
the syn and anti product peaks (highlighted in red). The chemical shifts for 
each diastereomer have been compared to reported literature examples.  
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Figure 15.  Example 1H NMR spectra of an organocatalysed aldol reaction. 
Determining the conversion also allows for the turn over number (TON) to be 
calculated. Another common method of comparing catalyst activity, the TON 
represents how many transformations are carried out by a individual 
molecule of catalyst. 
3.1.2.  Determining enantiomeric excess 
The enantiopurity of the aldol product was evaluated via chiral high 
performance liquid chromatography (HPLC) using a 1200 series Agilent 
HPLC. To facilitate separation of each stereoisomer a Diacel Chiralpak AD-H 
chiral column (0.46 cm, 25 cm) was utilised and an eluent of 10% 2-
 80 
 
propanol/90% n-hexane was employed. The chiral products were analysed 
by HPLC without purification unless the total conversion was <20% whereby 
the mixture was purified by column chromatography before separation via 
chiral HPLC. The enantiomeric excess for each organocatalysed reaction has 
been reported for the anti product. 
All chiral aldol products were analysed via enantioselective HPLC 
immediately after chiral separation of the corresponding racemate. An 
example output from a chiral separation is presented below (Figure 16), 
illustrating a highly enantiopure product. The chiral HPLC traces for all 
racemic mixtures and organocatalytically accessed compounds can be found 
in Appendix 1. 
 
Figure 16.  Example HPLC output showing four peaks, two diastereomers each present as 
enantiomers. 
To synthesise the required racemic aldol products, two methods were utilised 
(Scheme 49). Method A operates through a base catalysed aldol reaction, 
using aqueous NaOH to facilitate the aldol reaction affording the desired aldol 
products as a racemic mixture. By forming an emulsion of the 
aldehyde/ketone mixture within the aqueous base, non-specific aldol addition 
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takes place at the interface. This process proved successful in several cases 
though in some instances provided complex, inseparable mixtures of product.  
 
Scheme 49. Two general methods developed to synthesise a range of racemic aldol products. 
Due to the inconsistent performance of the base catalysed aldol reaction, a 
more robust methodology (Method B, Scheme 49) was envisaged and carried 
out. This method proceeds by the enamine pathway facilitated by the 
stoichiometric addition of the N-heterocycle pyrrolidine 25(Scheme 50). The 
catalytic addition of benzoic acid promotes both the nucleophilic 
condensation to the active enamine intermediate and activation of the 
electrophilic aldehyde, resulting in the rapid, achiral generation of the desired 
aldol product. This procedure was designed due to the similarity between the 
reagents and the structural features of L-proline. 
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Scheme 50. Acid catalysed racemic aldol reaction via enamine pathway (Method B). 
 
Method B was carried out in order to synthesise racemic examples of all 
products that requiring chiral analysis via HPLC throughout this thesis.  
3.2 Optimisation of the organocatalysed aldol reaction 
With novel diprolinamide organocatalysts 158, 162 and 164 in hand, 
evaluation was undertaken by facilitating the asymmetric aldol reaction. As 
the first to be synthesised and organocatalyst of intermediate length, 158 was 
chosen as the first catalyst to be investigated. When designing the model aldol 
reaction, several criteria were established. 
The model aldol reaction would use 4-nitrobenzaldehyde 18 and 
cyclohexanone 2 due to the prevalence of this reaction system within 
organocatalyst based literature.173 As diprolinamide 158 is based on the 
Hayashi catalytic unit and consists of several H-bond accepting groups, the 
reaction would be optimised to proceed on-water, a solvent system often 
reported to afford high yields and enantiopurity.125,158 Finally, the use of a 
cyclic ketone results in the formation of diastereomeric products allowing for 
greater insight into the activity and chiral induction of 158, while assisting in 
generating an emulsion due to poor miscibility with water, a key requirement 
for on-water catalysis. Cyclohexanone 2 is a common substrate used in 
organocatalyst optimisation, and so aldol products could be easily identified 
by correlation to reported 1H NMR spectra and HPLC elution times. The 
results of the catalyst optimisation are presented in Table 10, and 
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optimisation reactions were carried out in 1.6 mL H2O, a volume chosen due 
to the uniformity of the emulsion that was generated upon rapid stirring. 
To provide a baseline to which diprolinamide 158 can be compared, the aldol 
reaction was first carried out with L-proline 15 (Table 10, entry 1).  This 
system showed no conversion to the desired product, a result consistent with 
outcomes reported in literature for L-proline catalysed reactions within an 
aqueous medium.95,99 A control reaction (Table 10, entry 2) was carried out 
without catalyst in order to ensure reaction progress could be attributed to 
diprolinamide 158. This reaction again showed no progression when 
analysed by 1H NMR. 
Table 10. Optimisation of the diprolinamide catalysed aldol reaction. 
 
Entry Catalyst Loading (mol %) Conv. (%)a dr  (syn/anti)a eeb 
1 L-proline 20 0 - - 
2c - 0 0 - - 
3d 158 20 47 8/92 87 
4 158 5 99 23/77 97 
5 158 1 91 4/96 >99 
6 158 0.5 49 5/95 98 
7 158 0.1 11 <1/99 98 
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a: Determined by 1H NMR  
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
c: No catalyst was used 
d: Reaction time was 6 h 
Best result presented in bold italics 
 
The ideal catalyst loading of diprolinamide 158  (Table 10, entry 3) was 
investigated by initially employing a commonly reported catalyst loading of 
20 mol% with respect to the aryl aldehyde.126  The reaction was allowed to 
stir at rt for 6 h, whereby, the resulting mixture was diluted with CHCl3 and 
washed with a small volume of aqueous citric acid (10 % w/w) to remove 
158. The final crude product was analysed by 1H NMR and chiral HPLC.  
Analysis by 1H NMR showed a 4-nitrobenzaldehyde 18 remaining in the crude 
reaction mixture, though a conversion of 47% to the desired product 166 was 
observed. Despite the reaction failing to proceed to completion, good 
diastereoselectivity (8/92 syn/anti) and enantioselectivity (87%) were 
observed. Due to the promising results obtained within a 6 h timeframe, the 
catalyst loading was reduced to 5 mol% and the reaction duration was 
extended to 24 hours (Table 10, entry 4), affording a quantitative conversion, 
good (though slightly depressed compared to Table 10, entry 3) dr (23/77 
syn/anti) and excellent enantioselectivity (97%).   
When a further reduced loading of 1 mol% was employed (Table 10, entry 5), 
an excellent conversion was observed (91%), accompanied by significantly 
improved dr (4/96 syn/anti) and ee (>99%). Further lowering of the catalyst 
loading to 0.5 mol% and 0.1 mol% (Table 10, entries 6 and 7 respectively) 
furnished conversions of 49% and 11%, respectively and excellent drs and 
ees consistent with those furnished by catalyst 158 at 1 mol%. Despite the 
promising results furnished by 158 at very low loadings, the optimal 
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organocatalytic conditions were determined to be 1 mol% 158 for 24 h 
within an on-water system. 
One notable trend that occurs in Table 10 is the consistent improvement in dr 
and ee as catalyst loading is decreased, a trend that has been reported several 
times before regarding on-water organocatalysed reactions.174,175 
Table 11. Organocatalysed aldol by Maya et al. showing improved enantiopurity as catalyst 
loading is reduced.175  
 
Entry 
Loading 
(mol%) 
Time (h) Yield (%)a eea 
1 10 2 81 86 
2 2 2 80 94 
3 0.5 5 78 97 
a: Determined by 1H NMR  
b: Determined by chiral HPLC 
One notably example by Maya et al. (Table 11) employed biaryldipeptide 
derivative 167 to facilitate the aldol, demonstrating improved 
enantioselectivity as the catalyst loading was decreased.175 This effect was 
attributed to the potential for intermolecular catalyst crowding to interfere 
with chiral induction. In contrast to the results obtained with 158 in Table 10,  
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the work reported by Maya et al. showed that reducing the catalysts loading 
of 166 from 10 mol% to 2 mol% did not impede the rate of reaction, resulting 
in only a 3% sacrifice in yield.128  
3.3 Substrate generality of the 158 catalysed aldol reaction 
With the optimal reaction conditions in hand, attention was turned towards 
evaluating the catalytic activity and chiral induction of 158 when applied to 
aldol reactions incorporating a broad range of aryl aldehydes (Table 12). To 
evaluate the substrate tolerance of the range of diprolinamides, a cross-
section of aldehydes were selected; electron poor 18, phenolic 169, electron 
rich 170, N-heterocyclic 171 and α,β-unsaturated 172.  
Table 12. Organocatalysed aldol reaction using a range of aldehydes. 
 
Entry Aldehyde No. Conversion (%)a dr  (syn/anti)a eeb 
1 
 
18 91 4/96 >99 
2 
 
169 <3 ND ND 
3 
 
170 NR - - 
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4 
 
171 NR - - 
5 
 
172 NR - - 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
Disappointingly, the generality of diprolinamide 158 regarding the selection 
of aldehydes in Table 12 was poor, affecting little to no conversion in nearly 
all cases apart from the electron deficient 4-nitrobenzalehyde 18. This failure 
to elicit conversion was attributed primarily to the electronic inductive effects 
within the chosen aldehydes. It can be noted that Table 12, entries 2-5 
present the 158 catalysed aldol reaction utilising electron rich aldehydes. The 
effect imparted by electron donating groups decorating the aryl ring of the 
electrophilic aldehydes can be illustrated through the corresponding 
resonance forms of each aldol acceptor (Figure 17).  
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Figure 17.  Resonance structures of aldehydes that showed no activity in Table 12. 
Additional to the electron donating effect of the hydroxyl group constituting 
phenol 169, there was potential for the acidic nature of phenolic aldehyde 
169 to protonate the organocatalytic pyrrolidine ring of 158, reducing 
catalyst efficiency. The presence of the acidic group could also result in the 
racemic, acid catalysed aldol reaction to occur, likely resulting in the traces of 
aldol product observed by 1H NMR. 
The resonance structures in Figure 17 demonstrate the reduced 
electrophilicity of each aldehyde employed in the investigated aldol reactions. 
This decrease has a profound impact on how readily an aldehyde will be 
susceptible to nucleophilic attack by an active enamine. For this reason the 
substrates in Figure 17 are rarely reported for organocatalysed aldol 
reactions, and as such represent challenging substrates for organocatalysis. 
 
Continuing with the success achieved with 4-nitrobenzaldehyde 18 as the 
electrophilic species, several alternate ketones were implemented into the 
optimised on-water reaction system. Aside from cyclopentanone and acetone, 
ketones 174, 175 and 176 are rarely reported for the purpose of catalyst 
evaluation and as such posed a synthetic challenge not often encountered 
within existing literature.  
The first alternative ketone to be reacted with 4-nitrobenzaldehyde was 
acetone 17, a commonly reported reagent when evaluating or comparing 
novel organocatalysts.173,176 Surprisingly, diprolinamide 158 failed to show 
any catalytic activity when using acetone as the aldol donor. One reason for 
this lack of reactivity may be due to the high miscibility of acetone in water, 
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thus negating a key property of on-water synthesis; the formation of an 
emulsion. This emulsion allows for higher localised concentration of reagents 
than in a similar volume organic solution and provides key H-bonding 
network at the oil/water interface which is fundamental to on-water 
organocatalysis. By using a water soluble ketone such as acetone, the catalyst 
cannot form an emulsion and no active enamine is generated, inhibiting 
reaction progress.130,177 
Table 13. Organocatalysed aldol coupling of 4-nitrobenzaldehyde 18 and a range of ketones. 
 
Entry Ketone No. Conversion (%)a dr  (syn/anti)a eeb 
1 
 
17 NR - - 
2 
 
173 61 76/24 14 
3 
 
174 NR - - 
4 
 
175 NR - - 
5 
 
176 NR - - 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
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The poor performance of acetone within an on-water system has been noted 
by several research groups such as Nájera et al. where acetone was reacted 
with 4-nitrobenzaldehyde 18 in both a solvent free and on-water system 
(Table 14).  
Table 14. On-water and neat organocatalysed aldol reaction of acetone and 4-nitrobenzaldehyde 
18.174 
 
Entry Solvent 
Time 
(d) 
Temp  
(° C) 
Additivea 
Yield 
(%)b 
eec 
1 H2O 4 0 4-NO2C6H4COOH 64 >99 
2 Neat 2 rt - 80c 80 
a: Administered in a 5 mol% loading 
b: Isolated yield 
c: Determined by chiral HPLC 
d: 4 % bis-aldol product was also isolated 
It was found that the solvent free organocatalysed system not only proceeded 
to outperform the on-water variant in a significantly shorter timeframe (2 
days vs. 4 days), but did not require an organic acid additive to promote the 
catalytic process.174  
The next alternative ketones investigated were cyclic ketones cyclopentanone 
173 and cycloheptanone 174 (Table 13, entries 2 and 3, respectively). The 
incorporation of cyclopentanone 173 into the organocatalysed aldol reaction 
is frequently reported in literature, often affording improved conversions 
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compared to the larger cyclohexanone at the expense of optical purity.178,179 
This decrease in optical purity (from >99% to 14% ee,) was accompanied by 
an unexpected decrease in conversion (91% to 61%). 
 
Figure 18.  Enamine form of each ketone-catalyst combination. 
When employing cycloheptanone 174, conversion to the desired product was 
not observed. This was unsurprising as this large ketone is rarely reported in 
literature. In the few cases it is investigated, poor activities and optical 
purities are typically reported,47,180 often required significantly increased 
reaction times in order to furnish yields comparable to cyclohexanone 
containing examples.181 In the case of catalyst 158 (Table 13, entry 3) the 
dramatic decrease in catalyst activity could arise from congestion within the 
catalytic transition state arising from the proximity of each generated 
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enamine. It can be seen from the illustration in Figure 18 that that the ring 
size of each enamine could impact the rate of enamine formation, whereby 
the smaller enamines exercise less steric inhibition on the alternate catalytic 
site than the sterically demanding larger ring sizes. 
Another key factor that determines reaction progress is the energy barrier for 
carbonyls to form enamines. Recent work by Vilarrasa has shown the 
significant discrepancy in the propensity for enamine formation between 
cycloalkanones and α-phenylcarbonyls via the monitoring of 1H NMR spectra 
of ketone/prolinol 181 mixtures (Scheme 51).182  
 
Scheme 51. Equilibrium constants for enamine formation with cycloalkanones and 
acetylbenzene by Vilarrasa et al.182 
It was determined that the equilibrium constant for cyclopentanone-prolinol 
enamine formation is three times that of cyclohexanone. Though this is 
contrary to the conversion observed in the catalyst evaluation where 
cyclohexanone proved more active than the cyclopentanone (Table 13, entry 
1), later studies discussed in this thesis proved more consistent with the 
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trend shown in Scheme 51. Due to the reported decrease in Keq when ring size 
is increased from five to six, it was assumed that the lack of conversion 
observed with cycloheptanone (a ring expansion of six to seven, Table 13, 
entry 3) was the result of a similar reduced propensity to form an enamine.  
Vilarassa et al. continue to describe the significant influence sterics 
contributes to α-branched carbonyls, pushing the equilibria to the left, 
reducing enamine formation. This suggests that the bulk of the α-phenyl ring 
present in propiphenone 175 and α-tetralone 176 (Table 13, entries 4 and 5) 
would compound the undesirable electronic effects of an electron rich 
carbonyl, drastically inhibiting enamine formation, and therefore reaction 
progress. This decrease in activity was observed with each ketone (Table 13. 
entries 4 & 5) where no catalytic activity was evident. 
With the information gained from both the optimisation of the aldehyde and 
ketone components of the on-water organocatalysed aldol reaction, it was 
apparent that diprolinamide was more suited to particular aldol reactant 
combinations. As such, a broad study incorporating a range of aldol partners 
would be undertaken with electron withdrawn aryl-aldehydes as the 
electrophilic species and cyclohexanone and cyclopentanone as the 
nucleophilic species. 
3.4 On-water 158 catalysed aldol reaction  
The first aldehydes to be evaluated were the nitrobenzaldehyde regioisomers 
3-nitrobenzaldehyde and 2-nitrobenzaldehyde (Table 15, entries 2 and 3). It 
was thought that each aldehyde would prove inferior to 4-nitrobenzaldehyde 
as steric interactions with the catalytic pyrrolidine ring and nitro group 
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negatively influence the rate of reaction. The results obtained in Table 15 
entries 2 and 3 confirmed this theory as a considerable decline in conversion 
to the desired product (57% and 44%, respectively) and a sacrifice in optical 
purity (88% ee and 91% ee, respectively) was observed as the regiochemistry 
of the nitro group was varied. Notably, the dr observed with each regioisomer 
reflect those obtained in similar studies by Da et al. (where ortho > para > 
meta).183  
Table 15. On-water asymmetric aldol reactions catalysed by diprolinamide 158. 
 
Entry R Product Conv. (%)a dr  (syn/anti)a eeb 
1 4-NO2 166 91 4/96 >99 
2 3-NO2 182 57 16/84 88 
3 2-NO2 183 44 1/99 91 
4 H 3 45 8/92 66 
5 4-F 184 21 9/91 92 
6 4-Br 185 2 18/82 - 
7 Hc 3 75 18/82 36 
8 4-Fc 184 91 10/90 72 
9 4-Brc 185 96 14/86 71 
10 2,4-CF3 186 96 4/96 86 
11 2,3,4,5,6-F 187 >99 <1/99 81 
12 4-Ph 188 37 15/85 80 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
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c: 2.5 mol% of organocatalyst 158 was used 
 
When employing benzaldehyde, 4-fluorobenzaldehyde and 4-
bromobenzaldehyde (Table 15, entries 4 - 6), poor to moderate conversions 
were observed (45%, 21% and 2%, respectively). For the aldol reaction using 
benzaldehyde this was accompanied by a moderate ee (66%), while 4-
fluorobenzaldehyde performed better affording an ee of 92%. Due to the poor 
conversion obtained with p-bromobenzaldehyde (Table 15, entry 6, 2%), the 
ee was not determined.  
As a means to bolster the activity of catalyst 158 when employing 
benzaldehyde, 4-fluorobenzaldehyde and 4-bromobenzaldehyde as the 
electrophile, the catalyst loading of 158 was increased slightly from 1 mol% 
to 2.5 mol% (Table 15, entries 7 – 9). In all cases this resulted in an increase 
in conversion (75%, 91% and 96% up from 45%, 21% and 2%, respectively) 
accompanied by a general decrease in enantioselectivity (e.g. Table 15, entries 
7 & 9, 36% and 71% down from 91% and 92%).  This was consistent with the 
reaction outcomes afforded during catalyst optimisation (Table 10). The 
diastereoselectivity also suffered, but the effect was much less pronounced 
than the sacrifice in ee. 
The sacrifices in dr and ee may possibly be attributed to the increased 
potential for intermolecular interactions between catalysts within the on-
water emulsion. As the reaction takes place “on-water” rather than “in-water”, 
the fine emulsion results in highly concentrated pockets of reagent within an 
organic phase. As this project aims to demonstrate some degree of 
intramolecular cooperative interaction between prolinamide units within the 
same scaffold, a high concentration of catalyst may promote undesired 
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intermolecular interactions leading to reduced enantioselectivity.  As such, 
lower loadings of an organocatalysts would result in a reduced likelihood of 
this undesired interaction and promote the desired intramolecular 
cooperative effects.57 This is supported by the outcome of previous catalyst 
optimisation (Table 10) where chiral induction improved as the catalytic 
loading was decreased.  
When employing strongly electron withdrawn aldehydes 2,4-
trifluoromethylbenzaldehyde and 2,3,4,5,6-pentafluorobenbenzaldehyde 
(Table 15, entries 10 & 11, respectively), a distinct improvement in 
conversion was observed (96% and >99%) at a loading of 1 mol%. This high 
activity was in each case accompanied by very good diastereomeric ratios and 
enantiomeric excess’ for each 2,4-trifluoromethylbenzaldehyde and 2,3,4,5,6-
pentafluorobenbenzaldehyde (products 187 and 188, 4/96 syn/anti, 86% ee 
and <1/99 syn/anti, 81% ee, respectively). This very high catalytic activity is 
most likely a result of the extremely electron-withdrawn nature of aryl ring. 
This activates the aldehyde toward nucleophilic attack, resulting in improved 
conversions. It’s for this reason that 2,3,4,5,6-pentafluorobenzaldehyde is 
often employed for ultra-low loading organocatalytic studies (presented in 
Chapter 3.6).  
Finally, investigation of the highly sterically demanding 
biphenylbenzaldehyde (product 188, Table 15, entry 12) afforded a product 
in good optical purity (15/85 syn/anti, 80% ee). This high optical purity came 
at the expense of conversion (37%), an expected outcome considering the 
pronounced steric bulk and slight electron-donating character of the 4-phenyl 
substituent on the chosen electrophile.  
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From the data obtained in Table 15 it can be seen that catalyst 158 is well 
suited to the on-water organocatalysed aldol reaction. It demonstrated high 
efficiency, affording reasonable to high yields in low catalyst loading (1 - 
2.5%) while generating products in generally high optical purity (70% - 99% 
ee).  
Once the on-water aldol reaction between cyclohexanone and the range of 
chosen aryl aldehydes was sufficiently investigated, focus was shifted towards 
the smaller ketone cyclopentanone.  
Table 16. On-water asymmetric aldol reactions with cyclopentanone catalysed by 158. 
 
Entry R Product Con. (%)a dr (syn/anti)a eeb 
1 4-NO2 189 61 24/76 14 
2 3-NO2 190 99 54/46 52 
3 2-NO2 191 51 69/31 68 
4 H 192 90 64/36 50 
5 4-F 193 85 36/64 42 
6 4-Br 194 >99 59/41 52 
7 2,4-CF3 195 >99 45/55 64 
8 4-Ph 196 70 59/41 46 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
 
When evaluating the reaction outcomes in Table 16, one trend that is 
immediately apparent is the universal decrease in both diastereomeric ratio 
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and enantiomeric induction compared to previously evaluated cyclohexanone 
containing reactions (Table 15). The diastereomeric ratio observed for each 
aldol combination were universally inferior to those obtained with 
cyclohexanone, with significant reductions in dr resulting in inversions of the 
dominant diastereomer from anti to syn in five of the eight investigated aldol 
reactions (Table 16, entries 2, 3, 4, 6 and 8). 
 The ee’s furnished by each nitrobenzaldehyde regioisomer (Table 16, entries 
1 – 3, 4-NO2, 3-NO2 and 2-NO2, respectively) are significantly lower than 
previous cyclohexanone based aldol reactions (14%, 52% and 68% down 
from >99%, 88% and 91%, respectively). This depression in stereoselectivity 
is consistent for the remainder of the series with losses in ee between 15% – 
40% noted for each electrophile when using cyclopentanone 173, an effect 
that has been frequently reported in literature.184,185  One such example can be 
seen in work reported by Puleo and Iuliano (Scheme 52) where bile acid 
derived D-prolinamide 197 catalysed the on-water aldol reaction with greatly 
varying stereoselectivity depending on the size of the chosen cyclic ketone. An 
inversion of the dominant diastereomer (from anti to syn) was observed, 
consistent with the inversion in dr generally observed in Table 16.186  
Compared to conversions obtained from 158 with cyclohexanone (Table 16), 
the use of cyclopentanone 173 afforded an increase in all cases. This 
improvement in catalytic activity was attributed to the improved rate of 
enamine formation when using the smaller ketone 173 as demonstrated by 
Vilarrasa et al. (Scheme 51).182 This increase in catalytic activity when 
employing cyclopentanone is reflected in literature, often accompanied by 
diminished chiral induction similar to that seen throughout Table 16.139,173   
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Scheme 52. Organocatalysed aldol reaction facilitated by bile acid derivative 197 by Puleo and 
Iuliano.186  
Having applied novel diprolinamide 158 to the on-water aldol reaction 
between several aryl aldehydes and two cyclic ketones, attention was turned 
towards selected examples that afforded poor to moderate reaction 
outcomes. In order to bolster the activity and chiral induction of 158, the 
viability of an additive was investigated. 
3.5 Additives within the organocatalysed aldol reaction 
Low catalyst loadings are one of the most sought after properties of an 
efficiently organocatalysed reaction. In order to achieve these low loadings 
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(<5 mol%) it has become commonplace to promote reaction progress through 
the addition of a co-catalytic additive.111,187,188 These additives are often used 
to bolster key steps within the reactions system, either promoting enamine 
formation or increasing the electrophilicity of the electrophilic aldol partner. 
Additives have also been used to assist in solubilising a catalyst in a desired 
solvent system. To effectively assist in organocatalysed transformations, 
reaction progress must be improved without sacrificing the stereopurity of 
the products. 
 
Scheme 53. Organocatalysed aldol reaction by Li et al. with and without benzoic acid.189 
One of the most prolific methods of promoting the L-proline 15 
organocatalysed reaction is via the use of an organic acid.183,190 The work 
presented by Da et al.  is one of several examples that effectively demonstrate 
the impact of acids such as benzoic, trifluoroacetic or electron deficient 
phenols have on an organocatalysed system.183  Such additives can assist in 
reducing both the reaction time and catalyst loading whilst improving the 
chiral induction observed within the isolated product. This effect is echoed by 
groups such as Li et al. (Scheme 53) who have demonstrated the efficient 
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catalysis of the on-water aldol reaction with catalyst loadings as low as 0.2 
mol% in the presence of a co-catalytic benzoic acid additive (5 mol%, Scheme 
60). The exact role of benzoic acid within the organocatalysed reaction was 
not discussed by those authors. It should be also noted that in many cases the 
additive is administered in a comparably high loading to the catalyst itself, in 
some cases as high as 1000 mol% relative to prolinethioamide 198.189 
Table 17. Reaction assisted by 10 mol% TFA. 
 
Entry R n Product Conv. (%)a dr  (syn/anti)a eeb 
1 4-NO2 1 189 74 (61) 16/84 (24/76) >99 (14) 
2 2-NO2 1 191 7 (51) 41/59 (69/31) ND (68) 
3 4-Br 2 185 32 (2) 4/96 (18/82) 98 (ND) 
4 4-F 2 184 21 (21) 6/94 (9/91) 80 (92) 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
Brackets denote reaction outcome without the presence of TFA 
In order to evaluate the effect of an acid catalyst within the 158 catalysed on-
water aldol reaction, four aldol combinations that were shown to give 
relatively poor reaction outcomes (conversion or enantioselectivity) were 
selected to be reassessed in the presence of a Brønsted acid. Trifluoroacetic 
acid was selected as the chosen acid due to its use within literature, and the 
chosen reactions were repeated as per the previously optimised conditions 
with the addition of 10 mol% TFA (Table 17). For comparison, the reaction 
outcomes without an acid additive are provided in parenthesis. 
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When adding 10% TFA to organocatalysed reactions utilising cyclopentanone 
(Table 17, entries 1 & 2), there was a significant difference in the effect on 
conversion. When using 4-nitrobenzaldehyde (Table 17, entry 1), a mild 
improvement in conversion was observed (74% vs. 61%), while a near total 
suppression of activity was observed when using 2-nitrobenzaldehyde (Table 
17, entry 2, 7% vs. 51%). In both cases the diastereomeric ratio improved 
when in the presence of TFA, with respect to the anti diastereomer. The 
enantiomeric excess afforded in the presence of TFA for 4-nitrobenzaldehyde 
and cyclopentanone (Table 17, entry 1) showed dramatic improvement from 
14% to >99%, a much more pronounced effect than the modest improvement 
in conversion.  
Employing 10 mol% TFA in cyclohexanone based aldol reactions with the TFA 
additive (Table 17, entries 3 and 4) resulted in further unexpected effects in 
reaction outcome. In the case of 4-bromobenzaldehyde, the inclusion of TFA 
improved the conversion (32% vs. 2%) whilst affording a near perfect dr 
(4/96, improved from 18/82) and ee (98%). Conversely, employing 4-
fluorobenzaldehyde in the presence of 10 mol% TFA resulted in no change to 
conversion and minor changes in optical purity (6/94 up from 9/91 syn/anti 
and 80% ee down from 92% ee).  
Although only four aldol combinations were assessed in both the presence 
and absence of 10 mol% TFA, it was apparent that the unpredictability of an 
acid additive posed no significant benefit to the diprolinamide 158 catalysed 
system. As reaction outcomes were generally satisfactory given the reaction 
time and catalyst loading without an additive, no further additive screening 
was undertaken.  
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3.6 Organocatalysis at ultra-low loadings 
Upon the completion of the substrate screening experiments (Tables 15 and 
16), the aldol reaction employing electron withdrawn 2,3,4,5,6-
pentafluorobenzaldehyde and cyclohexanone (Table 15, entry 11) was 
selected to be reinvestigated at a reduced catalyst loading. In the presence of 
1 mol % of catalyst 158, this highly active system furnished excellent reaction 
outcomes (>99% conversion, <1/99 syn/anti and 81% ee, Table 15, entry 15) 
and as such was selected as a means of investigating the catalytic potential of 
diprolinamide 158 at catalytic loadings <1 mol%.  
The evaluation was conducted at a reduced catalyst loading of 0.1 mol%, a 
loading rarely reported in literature without necessitating co-catalytic 
additives,189 and was allowed to proceed for 24 h (Table 18, entry 2). After the 
reaction period the catalysed reaction afforded a modest conversion of 36% 
with the products present in very high optical purity (5/95 syn/anti, 96% ee 
up from 81% ee). To improve the conversion to the desired product 187, the 
reaction time was extended to 72 h (Table 18, entry 3) resulting in a 
quantitative conversion (>99%) with the product present in excellent optical 
purity (3/97 syn/anti, 92% ee). Reaction times exceeding 72 hours are not 
uncommon within organocatalysis and as such, this result was an excellent 
outcome.47,142  
Encouraged by the high activity and optical purity achieved with 158 at a 
loading of 0.1 mol%, the loading was further reduced to 0.05 mol%. At the 
time of publication 0.05 mol% was the lowest reported loading for an 
organocatalyst without requiring an additive to promote reaction progress.  
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Table 18. Organocatalysed aldol reaction between pentafluorobenzaldehyde and cyclohexanone. 
 
Entry 
Loading 
(mol%) 
Time 
(h) 
Conversion 
(%)a 
dr  
(syn/anti)a 
eeb 
1c 1 24 >99 <1/99 81 
2 0.1 24 36 5/95 96 
3 0.1 72 >99 3/97 92 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
c: Previously reported data provided for clarity 
Analysis of the reaction mixture was carried out by taking an aliquot from the 
stirring solution which was subjected to the standard work-up procedure. 
Analysis of the reaction mixture by 1H NMR allows for a real time analysis of 
reaction progress within the low loading reaction mixture, the results of 
which have been plotted in Figure 14.  
When considering the rate of reaction it is apparent that the reaction progress 
slows with increasing time. In the first 24 hours a 19% conversion to the 
desired product is observed, while a 17% conversion was observed after the 
next 24 hours, establishing a trend of diminishing activity that continues 
throughout the remainder of the experiment. After 72 hours the reaction 
plateaus with the reaction progress dropping to 6% per day. The reason for 
this decrease in activity is most likely be attributed to the consumption of the 
reacting electrophile, diminishing the effective concentration of reagents and 
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therefore reducing instances of electrophile proximity to the reactive 
enamine.  
Table 19. Organocatalysed aldol reaction between pentafluorobenzaldehyde and cyclohexanone. 
 
Entry Time (h) Conversion (%)a dr (syn/anti) a TON 
1 24 19 8/92 400 
2 48 36 15/85 660 
3 72 46 19/81 900 
4 96 52 21/79 1040 
5 120 57 22/78 1120 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
A similar plateau can be observed when considering the diastereomeric ratio 
throughout the 120 h period. After a reaction time of 24 hours (Table 19, 
entry 1) the dr of the product is 8/92 syn/anti, marginally inferior to that 
achieved with 0.1 mol% diprolinamide 158 (Table 18, entry 2, 5/95 syn/anti), 
and the dr continuously depreciated throughout the course of the reaction. 
This gradual sacrifice of dr likely arises from gradual epimerisation of the 
aldol product throughout the considerable duration of the reaction. 
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Figure 19.  Conversion and dominant diastereomer afforded by diprolinamide 158. 
Finally, turn over number (TON) can be determined for each 24 hour period. 
This number, indicating the number of transformations carried out by each 
molecule of catalyst, is often used as an additional means to compare catalytic 
activity. The final TON of 1120 after the 120 hour reaction time was an 
exceptional outcome and represents one of the most efficient organocatalysed 
systems at the time of publication. 
3.7 Conclusions 
This Chapter has described the evaluation of the hexanediamine based C2-
symmetric diprolinamide 158. The organocatalysed on-water aldol reaction 
has been optimised to show that 158 is capable of facilitating the on-water, 
asymmetric aldol reaction at low loading (1 mol%), and tolerates a range of 
electron deficient aryl aldehydes. This chapter has also demonstrated that the 
158 catalysed aldol reaction experiences no benefit from the inclusion of an 
acidic additive. 
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Ultra-low loading organocatalysis was also discussed in this chapter via the 
catalysis of 2,3,4,5,6-fluorobenzaldehyde 199 and cyclohexanone 2 by 
diaminohexane based 158 at a loading of 0.05 mol%. The product was 
furnished in a conversion of 57% in five days resulting in a TON of 1120, the 
lowest reported organocatalysts loading at the time without necessitating an 
organic additive to promote catalytic activity. 
The work presented in this chapter has contributed to the following 
publication: Delaney JP, Henderson LC. Direct Asymmetric Aldol Reactions in 
Water Catalysed by a Highly Active C2-Symmetrical Bis-prolinamide 
Organocatalyst. Adv. Synth. Catal. 2012; 354: 197-204. 
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Chapter 4  
4.1 Introduction 
As organocatalysis has grown over the past ten years, there has been a 
considerable evolution in the solvent systems that have been implemented. 
Moving away from polar organic solvents such as DMF and DMSO, current 
organocatalyst research favours reusable solvents (such as ionic liquids) and 
environmentally benign solvent system i.e. carrying out reactions wither “on-
water” or “in-water”.191 This has arisen from the movement towards “green 
chemistry”, a philosophy that has become an increasingly prominent focus of 
scientific research, with the use of water representing the “greenest” solvent 
available.38,192 This growing environmental influence has led to increased 
research into both the application of water as a solvent system for 
organocatalytic reactions, and into the role water plays within the L-proline 
catalytic cycle.193-196  
One variation of the on-water, organocatalysed reaction that is often 
mentioned when evaluating novel organocatalysts is the use of brine rather 
than deionised or milli-Q water, a substitution that has been reported to 
impart highly varied effects on reaction outcomes.168,183,192,197 Work carried 
out by Li et al. found that carrying out the biphenyl prolinamide 200 
catalysed aldol reaction in brine (rather than DI water) significantly improved 
the rate of reaction and enantioselectivity (53% ee improved to 80% ee), 
though the reasons for which were not discussed.183 
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Table 20. On-water organocatalysed aldol reaction by Singh et al. using water and brine.198  
 
Entry Solvent Loading (mol%) Time (h) Yield (%)a eeb 
1 H2O 10 1.5 75 81 
2 brine 10 2 81 86 
3 H2O 0.5 8 75 95 
4 brine 0.5 5 78 97 
a: Isolated yield 
b: Determined by chiral HPLC 
 
This beneficial effect was also observed to a smaller extent in by Singh et al. 
whereby the on-water organocatalysed aldol reaction was facilitated by L-
proline-based small molecules (Table 20). The organocatalysed aldol reaction, 
carried out in the presence of brine, generally afforded superior reaction 
outcomes to the same reaction carried out in deionised water.198  
The search for robust, solvent tolerant organocatalysts has extended to the 
use of tap water as the aqueous solvent system with water (often denoting 
deionised or milli-Q water) being considered the most freely available 
solvent. The use of tap water better represents an ideal aqueous media as this 
is the most widely available water source, though due to the relatively 
complex composition of tap water it is rarely employed in organocatalysis. 
One of the few published examples has been reported Noto et al. who 
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describe a trans-4-substituted-L-proline bearing a pendant pyrene unit (201) 
catalysing the aldol reaction within both a deionised water and tap water 
aqueous medium (Scheme 54). Interestingly, no significant difference 
between the two was observed. 128  
 
Scheme 54. Organocatalysed on-water aldol reaction by Noto et al. using both DI and tap 
water.128 
Variation in aqueous media beyond tap water and brine has largely been 
overlooked within organocatalysis, and as such the impact of ionic species 
within an on-water organocatalysed reaction has not been investigated.  The 
potential advantages of ionic constituents within the aqueous medium are 
significant regarding both the solvation of organic material in the aqueous 
phase and the opportunity to generate L-proline-metal complexes in situ 
presents opportunities for enhanced catalytic activity.124,199,200 
As there has been minimal research into the effect that employing different 
saturated salt solutions as aqueous media for the on-water organocatalysed 
aldol reaction, a study was undertaken using the novel diprolinamide 158 to 
catalyse the asymmetric aldol reaction in a range of saturated salt solutions.  
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4.2 Saturated group I and II salt solutions as aqueous media 
Up to this point, all organocatalysed aldol reaction involving diprolinamide 
158 have been undertaken in deionised water. To investigate the impact 
introducing saturated ionic solutes within the evaluated reaction system, a 
series of saturated salt solutions were employed (Table 21) as the reaction 
solvent. A cross section of group I and group II salts were chosen to allow 
insight into the effect either cationic or anionic species impart to the on-water 
system. The outcomes observed within each ionic solution were evaluated as 
per the previous experiments, using conversion, diastereomeric ratio and 
enantiomeric excess to quantify the influence each salt solution bears in 
catalytic efficiency and utility.  
Using tap water (Table 21, entry 2), resulted in the suppression of almost all 
catalytic activity of 158 (conversion of 7% down from 91 %). This poor 
conversion was accompanied by a similarly poor ee of 22%. The tap water 
based organocatalysed aldol reaction is discussed in greater detail at a later 
stage in this thesis.  
Regarding the Na+X- array of salts (Table 21, entries 3 – 7), a trend can be 
seen regarding the anion size and the reaction outcomes. As the anion atomic 
radii increases (where Cl- < Br- < I-), a distinct depression in both conversion 
(from 54% to 17%) and enantiomeric excess (from 87% to 34%) is observed. 
When employing saturate NaF, a conversion of 49% was obtained with the 
products present in 67% ee.  It should be noted that that the presence of 
fluoride ions may have a significant impact catalyst activity through potential 
cleavage of the tert-butyldiphenylsilyl group.141 This potential desilylation 
could have a dramatic effect both on catalyst solubility and chiral induction, 
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and so affords a conversion and ee which is not representative if the other salt 
solutions.192  
Table 21. Scoping of saturated salt solutions. 
 
Entry Cation Anion Conv.  (%)a dr  (syn/anti)a eeb 
1c - - 91 <1/99 >99 
2d - - 7 19/81 22 
3 Na+ F- 49 17/83 67 
4 Na+ Cl- 54 18/82 87 
5 Na+ Br- 30 22/78 43 
6 Na+ I- 17 21/79 34 
7 Na+ OAc- 75 19/81 38 
8 K+ F- 23 21/79 67 
9 K+ Cl- 27 17/83 45 
10 K+ Br- 44 20/80 35 
11 K+ I- 32 25/75 21 
12 Mg2+ 2Cl- 55 20/80 51 
13 Ca2+ 2Cl- 99 55/45 2 
a: determined by 1H NMR spectroscopy 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min  
c: Previously discussed reaction utilising deionised water 
d: tap water used 
 
 
The final sodium salt investigated was NaOAc, unique within this study for the 
presence of a trigonal-planar polyatomic anion rather than the previously 
discussed spherical halide anions. When the on-water aldol reaction was 
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carried out in saturated NaOAc, the conversion to the desired product 
exceeded all other sodium salts (Table 21, entry 7, 75%), however the 
enantiopurity was poor (38%). The presence of a base such as the OAc- anion 
within the solution may potentially facilitate the achiral, base catalysed aldol 
reaction, resulting in a higher observed conversion though a lower 
enantiopurity due to the presence of the racemic aldol product.  
When investigating the effect of potassium salts (Table 21, entries 8 – 11), the 
results largely reflect those observed in Na+ solutions with ee consistently 
decreasing as halide anion size increases (from 67% – 21%), though in all 
cases the enantiopurity was inferior to the corresponding Na+ salt. The effect 
regarding conversion is far more unpredictable, with the data obtained 
showing no discernible relationship between conversions and the anion or 
cation present. The reaction outcomes observed within a KF solution are 
similar to those observed in NaF, with both salts affording an ee of 67% and a 
dr of approximately 20/80 syn/anti. This similarity in reaction outcomes 
supports the assumption that fluoride ions may have an effect on the 
presence of silyl ethers in solution.  
The experiments containing group I salts were followed by the employment 
of MgCl2 and CaCl2 (Table 21, entries 12 & 13) to allow a comparison between 
the presence group I and group II cations, as well as the effect of the increased 
anion presence associated with group II salts. The final two saturated salt 
solution, the group II salts MgCl2 and CaCl2 (Table 21, entries 12 & 13 
respectively) each influenced the reaction outcomes in significantly different 
ways. Using MgCl2 (Table 21, entry 12) afforded a conversion and dr roughly 
equivalent to that achieved with NaCl, though the ee was significantly inferior 
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(51% down from 87%), possibly a result of an increased presence of the Cl- 
anion within the aqueous media. To date there has only been one published 
example of MgCl2 being incorporated into an organocatalysed reactions 
system. This study by Rolando et al. found MgCl2 hinders enantioselectivity 
(from 40% to 9% ee), echoing the depression in ee observed in Table 21.201 
When a saturated CaCl2 system was employed (Table 21, entry 13), the 
reaction proceeded quantitatively though with negligible enantiopurity (2% 
ee). Although the reason for this outcome is unknown, the mild Lewis acid 
characteristic of the Ca2+ cation could promote a competitive, racemic aldol 
reaction, resulting in a high conversion with no chiral enrichment.  
4.3 Saturated salt solutions containing transition metals 
Having evaluated the organocatalysed aldol reaction carried out in saturated 
group I and II salts, the experiment was extended to include a selection of 
transition metal salts (Table 22).  The array of salts chosen includes several 
cationic species reported to constitute local tap water.  
Evaluation of catalyst 158 in saturated solutions of CuCl and CuBr2 (Table 22, 
entries 1 and 2) showed a near total inhibition of catalytic activity when 
analysed by 1H NMR. These results paralleled findings by Penhoat et al. 
whereby the presence of CuI or CuCl2 within an organocatalysed reaction 
mixture resulted in near total suppression of catalyst activity. This inhibition 
of activity could potentially arise from chelation of the diprolinamide to the 
cationic copper species, resulting in occupation of the active catalytic sites of 
158, thereby impeding reaction progress.201 This complexation of 
diprolinamide 158 and the Cu+/Cu2+ cation is supported through numerous 
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documented cases of stable Cu-L-proline complexes in literature capable of 
transformations such as epoxidations, cyclisations and oxidations (Scheme 
55).202-206 
Table 22. Organocatalysed reactions in saturated aqueous transition metal salts. 
 
Entry Cation Anion Conv. (%)a dr a (syn/anti) ee 
1 Cu+ Cl- tracec - - 
2 Cu2+ Br- tracec - - 
3 Ni2+ Cl- 3 18/82 83 
4 Fe3+ Cl- >99 58/42 0 
5 Zn2+ OAc- 99 20/80 92 
a: determined by 1H NMR spectroscopy 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min  
c: trace defined as < 3% 
One Cu(II) ligand that bears similarities to diprolinamide 158 was 
investigated by Park et al. (Scheme 55, compound 202). The ligand under 
scrutiny was itself a symmetric diprolinamide and was shown to chelate to 
copper in order to generate a solid supported complex for asymmetric 
epoxidations.204 The flexible hexyl linking group present within 158 could 
potentially allow for a bidentate complex similar to 203, restricting the 
pyrrolidine moieties available for catalysis.  
A similar decrease in activity is observed when incorporating a nickel salt into 
the aqueous phase (Table 22, entry 3). In the presence of Ni2+, catalyst 158 
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only affords a conversion of 3%, though the aldol product is of high 
enantiopurity (83%). Similar to the copper complexation examples, nickel has 
been shown to form complexes with L-proline derivatives, a factor that would 
severely impede catalytic activity though occupation of the catalytically active 
secondary amines.207 
 
Scheme 55. Heterogenised Cu2+-diprolinamide complex by Park et al.  and proposed 158-Cu2+ 
complex.204  
In contrast to the results obtained in nickel and copper salt solutions, 
catalysing the aldol reaction in a saturated FeCl3 salt solution resulted in a 
considerable improvement in the rate of reaction amounting to a quantitative 
conversion (>99%, Table 22, entry 4). Unfortunately, this FeCl3 based 
aqueous system afforded products in racemic mixtures.   
Considering the three cationic species so far discussed in Table 22 (Cu+/2+, 
Fe3+ and Ni2+), a trend emerges as the activity of diprolinamide decreases as 
the transition metal atomic radii increases, a property that could be a result of 
catalytic site coordination occurring through the formation of complexes of 
varying stability. This effect was first observed by Irving and Williams in 1953 
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where L-proline (among other substrates) was subjected to complexation 
with a series of transition metals. The stability of each complex was evaluated 
and proved the strongest complex was Cu2+-L-pro, with the complex 
weakening as smaller metals were evaluated, a trend that has since been 
known as the “Irving Williams series”.208 As such, the weaker complex formed 
when diprolinamide 158 is in the presence of nickel would be less stable, 
allowing for gradual, enantioselective catalysis of the aldol reaction due to a 
greater presence of the free prolinamide amine. 
In the case of FeCl3, the presence of the iron cations would similarly complex 
with diprolinamide 158, thought the aldol reaction may proceed through 
racemic catalysis facilitated by the Fe3+ lewis acid, a well-documented 
property that has been used to catalysed α-functionalisations in the past.209 
The final saturated salt solution examined was ZnOAc2 (Table 22, entry 5). 
This ionic solution proved successful in providing not just an accelerated 
organocatalysed reaction compared to deionised water (99% vs. 91%), but 
the product was generated in excellent enantiopurity, though the ee was still 
mildly inferior to that achieved in the absence of ZnOAc2 (92% vs. >99%). The 
high conversion and enantioselectivity demonstrated in the ZnOAc2 system 
may be attributed to the potential formation of an active Zn2+-158 complex. 
L-Proline 15 is known to form complexes with cations such as Zn2+, an effect 
that has been exploited by groups such as Reymond et al. to facilitate the aldol 
reaction between dihydroxyacetone and a series of aldehydes (Scheme 56). 
210,211 That work found that a (Zn(L-Pro)2) complex 204 catalysed the aldol 
reaction by either enamine formation or enolate formation via coordination of 
the reacting carbonyl with the Zn2+ metal centre. The excellent reaction 
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outcomes afforded by 158 (Table 22, entry 5) may have arisen due to a 
similar effect. 
 
Scheme 56. Example (Zn(L-Pro)2) catalysed asymmetric aldol reaction reported by Darbre and 
Machuqueiro.211 
Contrary to the outcome of Table 21, entry 13, the presence of acetate 
counterions did not generate racemic aldol products. This may be due to the 
high rate of reaction induced by the proposed active Zn2+-prolinamide 
complex. This proposed complex may result in generating a highly active 
chiral catalyst with an active lewis acid metal centre, similar to examples 
reported by Mlynarski et al.184,212  
 
Figure 20.  Proposed Zn2+-158-OAc2 complex. 
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One key aspect of (Zn(L-Pro)2) complex 204 is the coordination of the Zn2+ 
cation to the anionic carboxylate moieties of each proline unit (Figure 20). 
Due to the lack of anionic moieties within 158, it was proposed that Zn-N 
coordination occurs and the basic acetate anions are not liberated into the 
solution as is illustrated in complex 205 (Figure 20). 
Recently, reports of reactions efficiently catalysed by Zn2+-L-Pro2 complexes 
have become increasingly common with many groups investigating their 
utility for a range of transformations.211,213,214 Work reported by Mlynarksi et 
al. has investigated the catalytic activity of several Zn2+  complexes comprised 
of C2-symmetric diprolinamide ligands. It was shown that each diprolinamide 
is capable of catalysing the aldol reaction between acetone and 4-
nitrobenzaldehyde on-water in good yields (65 – 80%), though the optical 
purity is consistently poor. Interestingly, through the formation of 
catalytically active Zinc complexes, each catalyst demonstrates a significant 
increase in the rate of reaction (between 10% and 30% improvement). A 
similar improvement in chiral induction was also observed, in one case 
showing a ten-fold increase from 6% to 60% (Table 24, entries 3 & 4).  
The transition states proposed by Mlynarski et al. attributed this consistent 
improvement in activity and optical purity to the presence of zinc near the 
catalytic site. As the presence of zinc promotes both activity and 
enantioinduction of each diprolinamide, it can be postulated that a similar 
complex may form when employing 158. This is supported by similar 
research into Zn2+-L-Pro catalysed transformations, a mechanism for which 
has been recently proposed by Andreu and Arsensio (Scheme 57).215 
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Scheme 57. Catalytic cycle of Zn2+-L-Pro2  205 catalysed aldol reaction (one prolinamide ligand 
shown for simplicity).215 
The proposed mechanism of the zinc-prolinamide complex catalysed aldol 
reaction is similar to that for the L-proline catalysed aldol. The key variation is 
the acceleration of the enamine formation (Scheme 57, 208) and C-C bond 
formation due to the electrophilic Zn2+ cation within the transition state 210. 
An additional effect from this complex is an improved mode of chiral 
induction, the chirality of the product is encouraged through a stronger 
zinc/carbonyl complex, illustrated in the expanded transition state 210 in 
Scheme 57, and supported by work by Reymond et al.210 
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Having investigated the organocatalysed aldol reaction in a range of saturated 
salt solutions, the question of why tap water had such a dramatic suppression 
on reaction progress remains. As such, an investigation was carried out in an 
attempt to restore the catalysts activity when in the presence of tap water.  
4.4 Organocatalysed aldol reaction in the presence of EDTA 
One potential reason for the poor activity of 158 in tap water may be 
attributed to the potential, Cu2+-158 complex.216-218 To investigate this theory, 
metal sequestering hexadentate ligand disodium ethylenediaminetetraacetate 
214 (EDTA) was introduced into the tap water solution. The metal 
sequestering agent EDTA is well known for its strong affinity to metals, 
having been used frequently for the removal of metals from various matrices 
(Figure 21).219  
 
Scheme 58. Eethylenediametetraacetatic acid disodium salt 214 and EDTA-metal complex 
215.220 
It was proposed that an addition of EDTA into the tap water solution (5% 
w/w) could potentially chelate to transition metal cations present in the 
aqueous phase, reducing the likelihood of metal coordination to 
diprolinamide 158. As a control, the reaction was carried out in a 5% w/w  
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tap water/EDTA without diprolinamide 158 (Table 23, entry 3). For the 
purpose of comparison, Table 23 includes the asymmetric aldol reaction 
catalysed by 158 in deionised water and tap water (Table 23, entries 1 & 2, 
respectively). 
Table 23. Organocatalysed aldol in the presence of EDTA. 
 
Entry Aqueous medium Conversion (%)a dr  (syn/anti)a eeb 
1c DI H2O 91 <1/99 >99 
2 Tap water 7 19/81 22 
3d,e EDTA solution 0 - - 
4e EDTA solution 98 16/84 51 
a: Determined by 1H NMR spectroscopy 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min  
c: Deionised water used as aqueous media 
d: No catalyst 158 
e: 5% w/w EDTA in tap water  
The organocatalysed aldol reaction proceeded in the presence of EDTA (Table 
23, entry 4, 98%), effectively restoring the activity of diprolinamide 158. The 
optical purity of the aldol product showed a similar improvement (from 22% 
to 51% ee), though the enantiomeric excess remained inferior to the 
deionised reaction system (Table 23, 51% ee vs. >99% ee), potentially a result 
of the presence of ionic species beyond the influence of EDTA, or potential 
epimerisation of the aldol product by the EDTA acetate moieties. The 
presence of fluoride in tap water, added in a concentration of 1 ppm by 
Barwon Water, could also impact the activity and chiral induction of 158 
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through potential cleavage of the silyl ether group.221  At the time of 
publication this was the first instance of influencing organocatalytic activity 
through the use of an ion sequestering agent.  
Table 24. Effect of aqueous media composition on different aldol combinations. 
 
Entry Aldehyde n 
Aq. 
media 
Conv.  (%)a 
dr  
(syn/anti)a 
eeb 
1 1 2 DI water 45 8/92 68 
2 1 2 Tap water 82 16/84 76 
3 1 2 EDTA 98 17/83 44 
4 1 2 Zn(OAc)2 44 24/76 26 
5 216 2 DI water 21 9/91 92 
6 216 2 Tap water 80 14/86 68 
7 216 2 EDTA 70 15/85 88 
8 216 2 Zn(OAc)2 70 24/76 64 
9 18 1 DI water 61 24/76 14 
10 18 1 Tap water 56 61/39 22 
11 18 1 EDTA 74 66/34 13 
12 18 1 Zn(OAc)2 97 74/26 14 
a: determined by 1H NMR spectroscopy 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min  
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Using the previous results of this investigation as a guide, a brief examination 
of various aldehyde and ketone aldol combinations was undertaken in several 
aqueous solutions (deionised water, tap water, tap water with EDTA and 
Zn2OAc). 
When applying the chosen solvent system to benzaldehyde and 
cyclohexanone (Table 24, entries 1 – 4), a range of effects were observed. 
Contrary to previous experiments, the presence of tap water afforded an 
improvement in conversion compared to deionised water (82% improved 
from 45%) accompanied by a similar increase in enantioselectivity (68% vs. 
76%). The addition of EDTA (Table 24, entry 3) again showed an accelerating 
effect increasing conversion to 98%, though a poor enantiopurity was 
observed (44% ee). Saturated Zn(OAc)2  (Table 24, entry 4) failed to have an 
effect regarding conversion but was shown to have a considerably 
detrimental effect regarding enantioselectivity (26% ee down from 68%).  
The electron withdrawn 4-fluorobenzaldehyde with cyclohexanone gave 
results which deviated further from the previously hypothesised trend. The 
organocatalysed reaction was accelerated in the presence of tap water 
compared to deionised water (80% from 21%, Table 24 entry 6), though this 
was accompanied by a sacrifice in ee (68% down from 92%). The presence of 
EDTA afforded a similar improvement in conversion while dampening the 
sacrifice in enantiopurity attributed to tap water (70% conversion, 88% ee). 
In the case of a saturated Zn(OAc)2 solution (Table 24, entry 8), conversion 
again improved (70% up from 21%) though the determined ee again suffered 
(64% vs. 92%)  
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The final aldol reaction involved the use of the more active nucleophile 
cyclopentanone, previously shown to afford poor drs and ees in deionised 
water (Table 24, entry 9). Catalysing the reaction in the presence of tap water 
resulted in little change regarding both conversion (56% down from 61%) 
and ee (22% up from 14%), although dr suffered considerably (61/39 
syn/anti down from 24/76 syn/anti). Employing an EDTA containing tap 
water solution (Table 24, entry 11) furnished a conversion that exceeded 
pure tap water (74% up from 61%) with a relatively unchanged 
enantiopurity. Catalysing the reaction in saturated Zn(OAc)2 furnished the 
product in 97%, the best of the cyclopentanone series though the increased 
rate of reaction was at the expense of diastereoselectivity, producing a 
product in a 74/26 syn/anti ratio and very poor ee (14%).  
Although the impact of the aqueous phase composition has widely varying 
effects depending on aldol combinations, it was generally observed that 
optical purity of each aldol product suffers as the rate of reaction increases, an 
observation that is true to most catalysed systems.  
4.5 Conclusions 
The work presented in this chapter has demonstrated the catalytic ability of 
C2-symmetric diprolinamide 158 when applied to the on-water asymmetric 
aldol reaction in a range of saturated ionic solutions.  
Evaluating the activity and stereoselectivity of 158 in the a series of group I 
and group II salt solutions has shown a potential relation between the 
presence of halide ions and a depression in enantio-induction related to the 
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atomic radii of the anion in question, where large anions inhibit efficient 
enantioselectivity more so than smaller ions (Table 21).  
When evaluating the activity of 158 in a series of transition metal salt 
solutions (Table 22) , a wide range of outcomes were observed, showing in 
most cases metals known to chelate to L-proline 15 inhibited reaction 
progress through occupation of the catalytically active pyrrolidine nitrogen.   
Also investigated in this was the introducing tap water into the on-water, 158 
catalysed aldol reactions system (Table 23). This resulted in a near total 
suppression of catalytic activity, an effect attributed to the presence of metals 
within the aqueous solution. Through the introduction of metal chelating 
agent EDTA, the activity of 158 in tap water was restored. This was the first 
reported instance of a metal sequestering agent being employed to reinstate 
catalytic potential. 
Finally, catalyst 158 was applied to a small range of aldol reactions in several 
saturated salt systems (Table 24). This work showed that the impact that 
saturated salt solutions impart of reaction progress and stereoselectivity may 
vary between aldol combinations. 
The work presented in this chapter has been reported in the following 
publication: Delaney J.P., Henderson L.C. Investigating Ionic Effects Applied to 
Water Based Organocatalysed Aldol Reactions. Int. J. Mol. Sci. 2011; 12: 9083-
9094. 
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Chapter 5  
5.1 Introduction 
The second aim of this thesis is to investigate the effect that intramolecular 
catalytic site proximity bears on organocatalytic potential to furnish aldol 
products in high conversion and optical purity.  To investigate this structural 
property, linear alkyl bridging units of differing size were installed within a 
C2-diprolinamide system (discussed in Chapter 2), resulting in three novel 
organocatalysts with distinct distances between each catalytically active site 
(Figure 21). 
 
Figure 21.  Current range of flexible C2-symmetric diprolinamides. 
Having fully evaluated the catalytic potential of 158 in a range of aqueous 
media with respect to a number of aldol combinations (Chapters 3 & 4), the 
task remained to evaluate the remaining diprolinamides 162 and 164 to 
elucidate any effect imparted on organocatalyst performance by variations in 
catalytic site proximity This was undertaken by utilising diaminobutane- 
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based diprolinamide 162 and diaminododecane based diprolinamide 164 to 
catalyse several asymmetric aldol reactions previously catalysed by 158. The 
chosen reactions employ both cyclohexanone 2 and the cyclopentanone 173 
as the nucleophilic species. In light of the varied compatibility of 158 with the 
range of previously utilised aryl aldehydes (Chapter 3), a more judicious 
selection of electrophiles was employed for the evaluation of 162 and 164. 
In order to accurately evaluate each catalyst in a comparative manner, the 
aldol reaction methodology required revision. In previous examples, 
organocatalyst 158 was added as a solid powder to a rapidly stirring 
emulsion. As diprolinamide 164 is a gum, this method of addition was not 
viable and so was revised to ensure consistency between each 
organocatalysed reaction. In the revised procedure each catalyst was weighed 
into a round bottom flask gently stirred within the chosen ketone and 
aldehyde until the reagents were dissolved, followed by the addition of water 
which was rapidly stirred for 24 hours. 
The evaluation was carried undertaken by initially comparing the reaction 
outcomes of diprolinamides 162 and 164 to those obtained with 
diaminohexane based 158. After each diprolinamide was fully examined, a 
comparison was drawn across the range of novel organocatalysts. 
5.2 Catalyst comparison: Aldol reactions using cyclohexanone  
The first array of aldol reactions was catalysed by butane based 
diprolinamide 162. For the first series of 162 catalysed aldol reactions, 
cyclohexanone was employed as the nucleophilic moiety (Table 25). For ease 
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of comparison the reaction outcomes for previously evaluated, hexane based 
158 are provided. 
Table 25.  On- water asymmetric aldol reaction catalysed by butane based diprolinamide 162. 
 
Catalyst Æ 162  158* 
Entry R 
Conv. 
(%)a 
dra 
(syn/anti) 
eeb 
Conv. 
(%)a 
dra 
(syn/anti) 
eeb 
1 H 68 10/90 86 45 8/92 66 
2 4-NO2 99 4/96 97 91 4/96 >99 
3 3-NO2 85 7/93 99 57 16/84 88 
4 2-NO2 73 3/97 92 71 15/85 72 
5 4-Br 99 9/91 88 97 14/86 86 
6 4-F 71 6/94 86 88 9/91 92 
7 4-Ph 67 12/88 94 37 15/85 80 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
*: previously reported data provided for ease of comparison 
Applying diprolinamide 162 to the aldol reaction between benzaldehyde and 
cyclohexanone (Table 25 entry 1, column 162) afforded the product in a 
conversion of 68% in optical purity (10/90 syn/anti, 86% ee), an 
improvement over the diaminohexane based 158. This improvement was 
echoed by the results afforded by each nitrobenzaldehyde regioisomer (Table 
25, entries 2-4, column 162) with 162 furnishing each desired aldol products 
in improved conversion and optical purity.  
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When using 162 to catalyse the aldol reaction of 2 and 4-bromobenzaldehyde 
(Table 25, entry 5) resulted in slight improvements in both conversion (99% 
vs. 97%) and optical purity (88% vs. 86% ee). The 4-fluorobenzaldehyde 
containing reaction generally afforded slightly inferior reaction outcomes 
when catalysed by the smaller catalysts 162 (71% vs. 88% conversion, 86% 
vs. 92% ee), though this is the only case within Table 25 where the larger 
catalyst 158 displays any superiority over catalyst 162.  
Employing biphenylbenzaldehyde as the electrophilic aldol reagent (Table 25, 
entry 7), catalyst 162 again proved more effective than 158 regarding both 
conversion (67% from 37%) and chiral induction (94% ee from 80% ee).  
The results obtained presented in Table 25 strongly suggest that 162 is 
capable of catalysing the aldol reaction with greater efficiency and chiral 
induction than 158. To further explore the relationship between catalyst size 
and activity, each aldol reaction was reinvestigated with 164 which bears a 
twelve carbon alkyl bridging unit.  
Following the same aldehyde progression as Table 25, 164 was first applied 
to the reaction of benzaldehyde and cyclohexanone (Table 26, entry 1), 
furnishing inferior conversion to 158 (32% conversion down from 45%), 
while the optical purity remained relatively unchanged. 
Catalysing the aldol reaction of cyclohexanone and the range of 
nitrobenzaldehydes with 164 gave reasonably uniform conversion with each 
regioisomer (Table 26, entries 2 – 4), with conversions of 65%, 61% and 61% 
observed for each 4-nitro, 3-nitro and 2-nitrobenzaldehyde, respectively. 
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However, this consistency was not reflected in the enantiopurity of the aldol 
products (50%, 88% and 46% respectively). 
Table 26. On-water asymmetric aldol reaction catalysed by dodecyl based diprolinamide 164. 
 
Catalyst Æ 164  158* 
Entry R 
Conv. 
(%)a 
dra 
(syn/anti) 
eeb 
Conv. 
(%)a 
dra 
(syn/anti) 
eeb 
1 H 32 15/85 68 45 8/92 66 
2 4-NO2 65 20/80 50 91 4/96 >99 
3 3-NO2 61 17/83 88 57 16/84 88 
4 2-NO2 61 13/87 46 71 15/85 72 
5 4-Br 77 16/84 82 97 14/86 86 
6 4-F 76 17/83 86 88 9/91 92 
7 4-Ph 19 15/85 80 37 15/85 80 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min  
*: previously reported data provided for ease of comparison 
The remaining electrophiles (Table 26, entries 5 - 7) afforded consistent 
results, with each case resulting in a reduction in conversion of 10% - 20% 
when catalysed by the larger catalyst 164 compared to 158. The halogen 
containing electrophiles 4-fluorobenzaldehyde and 4-bromobenzaldehyde 
both furnished a depressed enantiopurity when catalysed by the longer 
diprolinamide 164 rather than 158, while the sterically bulky 
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biphenylbenzaldehyde was generated in identical optical purity by both 158 
and 164 (80% ee in both cases). 
When applying the larger diprolinamide 164 to the chosen aldol reactions, 
lower conversions and optical purities were generally observed. This suggests 
that as catalytic units are moved further apart a diprolinamide will generally 
give lower conversions and inferior chiral induction.  
5.3 Catalyst comparison: Aldol reactions using 
cyclopentanone 173 
In previous experiments the C2-symmetric diprolinamide 158 proved 
effective at catalysing the aldol reaction between a series of benzaldehydes 
and cyclopentanone (Chapter 3.4, Table 16). A prominent trend that arose 
was that reactions containing cyclopentanone generally affords products of 
poorer optical purity than those containing cyclohexanone, often resulting in 
an inversion of the dominant product diastereomer from anti to syn and 
inferior enantiopurities.57  
The aldol reactions between the previously evaluated electrophiles (Tables 
25 & 26) and cyclohexanone 2 were reinvestigated, employing 
cyclopentanone 173 as the chosen nucleophile. The diaminobutane based 
diprolinamide 162 was the first catalyst evaluated via this reaction system 
(Table 27), with reaction outcomes once again compared to those previously 
furnished by diaminohexane based diprolinamide 158. 
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Table 27. On-water asymmetric aldol reaction catalysed by butane based diprolinamide 162. 
 
Catalyst Æ 162  158* 
Entry R 
Conv. 
(%)a 
dra 
(syn/anti) 
eeb 
Conv. 
(%)a 
dra 
(syn/anti) 
eeb 
1 H 92 25/75 74 90 64/36 50 
2 4-NO2 97 39/61 8 61 24/76 14 
3 3-NO2 55 12/88 96 99 54/46 52 
4 2-NO2 74 9/91 99 37 34/66 78 
5 4-Br 96 50/50 72 >99 59/41 52 
6 4-F 97 27/73 80 85 64/36 42 
7 4-Ph 78 38/62 80 70 59/41 46 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
*: Previously reported data provided for ease of comparison 
When employed to facilitate the aldol reaction between benzaldehyde and 
cyclopentanone (Table 27, entry 1), catalyst 162 proved slightly more 
effective regarding conversion (92% vs. 90%), but provided products in much 
improved dr (25/75 from 64/36 syn/anti) and ee (74% vs. 50%) over the 
larger 158. Notably, catalyst 158 provided the aldol product primarily as the 
syn diastereomer, while 162 maintained the original anti selectivity furnished 
in cyclohexanone containing reactions. This retention of diastereoselectivity 
was consistent among the selection of electrophiles, with the aldol products 
furnished by 162 favouring the anti diastereomeric product in all but one 
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case (Table 27, entry 5, 4-bromobenzaldehyde) where the product was 
afforded in a 50/50 diastereomeric mixture. 
The conversion facilitated by 162 surpassed that observed with 158 in five of 
the seven investigated aldol reactions. In the two cases where 162 failed 
increase the conversion to the desired product (Table 27, entries 3 & 5), the 
products were generated with significantly improved enantioselectivity and 
diastereomeric selectivity (96% and 72% ee vs. 52% and 52% ee, Table 27, 
entries 3 & 5, respectively). 
Table 28. On-water asymmetric aldol reaction catalysed by dodecyl based diprolinamide 164. 
 
Catalyst Æ 164  158* 
Entry R 
Conv. 
(%)a 
dra 
(syn/anti) 
eeb 
Conv. 
(%)a 
dra 
(syn/anti) 
eeb 
1 H 56 60/40 70 90 64/36 50 
2 4-NO2 40 66/34 12 61 24/76 14 
3 3-NO2 99 51/49 50 99 54/46 52 
4 2-NO2 36 35/65 69 37 34/66 78 
5 4-Br 99 61/39 56 >99 59/41 52 
6 4-F 99 62/38 66 85 64/36 42 
7 4-Ph 38 57/43 44 70 59/41 46 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
*: Previously reported data provided for ease of comparison 
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From the data presented in Tables 25, 26 and 27, it was anticipated that the 
largest organocatalyst 164 would impart the poorest optical purity when 
catalysing cyclopentanone containing reactions. To confirm this, a final suite 
of reactions were catalysed by 164 (Table 28). 
The asymmetric cyclopentanone containing aldol reactions catalysed by 164 
(Table 28, column 164) gave inferior or comparable conversions compared to 
158 in five of the seven investigated reactions (Table 28, entries 3, 5 and 6). 
This reinforced the established trend whereby a diprolinamide bearing a 
longer bridging unit will be inferior to one composed of a shorter linker. This 
is echoed by the drs observed in Table 28. When employing 164, the 
dominant diastereomer observed is syn in six of the seven cases. This is in 
contrast to 158 which generate the syn product in five of the seven examples, 
and 162 which does not favour the syn product at all.   
The impact of bridge length on the enantiopurity of the aldol products 
containing cyclopentanone is far less pronounced than for reaction employing 
the cyclohexanone 2 nucleophile. The reactions presented in Table 28, 
column 164 are generally comparable to the reactions facilitated by 158, with 
the largest discrepancy achieved with benzaldehyde (Table 20, entry 1, 70% 
ee vs. 50% ee).  
Interestingly, the two halobenzaldehydes 4-fluorobenzaldehyde and 4-
bromobenzaldehyde (Table 28, entries 5 & 6) proved more suited to the 
larger catalyst 164 than 158, though the reason for this was not known.  
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5.4 Comparison of catalysts 158, 162 and 164 
When comparing the suitability of each C2-symmetric diprolinamide for the 
on-water aldol reaction, each reaction outcome must be considered i.e. 
conversion, diastereomeric ratio and enantiomeric excess. To efficiently and 
visually compare the range of catalysts, each reaction outcome has been 
graphed allowing for ease of comparison. 
Comparing the conversion (Figure 22) of each organocatalysts across the 
range of investigated aldol reactions suggests a relationship between linker 
length and the observed conversions. One of the most prominent features of 
Figure 22 is the consistently high performance of diaminobutane-based 
diprolinamide 162 (shown in blue), proving to be the most active 
diprolinamide in nine of the fourteen cases. In cases where 162 did not afford 
the greatest conversion, the difference in reaction outcome was typically 
<20%. 
 
Figure 22.  Conversion facilitated by C2-diprolinamides 162 (blue), 158 (red) and 164 (green). 
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As such, the results from Figure 22 suggest that, from a conversion 
standpoint, a shorter distance between each catalytic site encourages the 
greatest conversion, and this activity diminishes as the intramolecular 
between prolinamide units increases. 
 
 
 
Figure 23.  Anti diastereomer generated by C2-diprolinamides 162 (blue), 158 (red) and 164 
(green). 
When illustrating the diastereomeric ratio (Figure 23) as a percentage of the 
product in the anti-stereochemistry, a relationship between dr and bridging 
unit length that mirrors the effect of chain length can be observed. When 
employing cyclohexanone, each of the three novel diprolinamides proved 
effective, eliciting drs greater than 80 anti for each example. Within these 
examples it can be observed in that the smallest catalyst 162 once again 
proves superior to larger analogues, with approximately a 10% difference 
between the dr of 162 and 164 across the cyclohexanone containing 
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examples. The benefits of the smaller linking unit are much more evident 
when applying the range of diprolinamides to cyclopentanone, typified by the 
considerable margins present between 162 and the remaining catalysts.  
When employing cyclopentanone as the nucleophilic species, the dominant 
diastereomer achieved with catalysts 158 and 164 is in most cases syn, the 
opposite of what is obtained with cyclohexanone 2. It should be noted that a 
sacrifice in diastereoselectivity is a frequently reported consequence of 
employing cyclopentanone 173.173,185,222 However, this inversion is mitigated 
through using diaminobutane based 162 as the chosen catalyst, suggesting 
that the close intramolecular proximity of each catalytically active unit 
compensates for a sacrifice in transition state organisation when employing a 
cyclopentanone 173. 
The data observed in Figure 23 again strongly supports the hypothesis that 
catalytic proximity influences a catalysts ability to facilitate the on-water aldol 
reaction with meaningful diastereoselectivity, with proximal catalytic sites 
being much more suited to the chosen system than catalysts bearing distant 
catalytic units. This effect is considerably more pronounced when employing 
less sterically influencing and more reactive nucleophiles.  
The final reaction outcome to be compared is the enantiomeric purity of the 
products furnished by catalysts 162, 158 and 164. It can be observed in 
Figure 24 that the shortest diprolinamide 162 (shown in blue) afford the 
greatest or comparable enantiopurity in all but three cases. The improved 
enantio-induction provided by butane based 162 is most evident in aldol 
reactions containing cyclopentanone. It should be noted that in the two 
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examples where 162 was superseded the second smallest catalyst 158, the 
discrepancy between the two outcomes was small (typically <10% ee). 
 
Figure 24.  Enantiomeric excess achieved by 162 (blue), 158 (red) and 164 (green). 
From this data it can be proposed that C2-symmetric diprolinamides 
composed of a short linking unit afford products in greater enantiopurity than 
a similar catalyst bearing a longer bridging architecture. This conclusion 
echoes that of the relationship observed between linking unit length and both 
conversion and dr obtained with an organocatalyst. It is apparent from 
conclusions drawn within this chapter that a relationship exists between the 
proximity of each catalytic unit within a C2-symmetric organocatalyst and the 
suitability of that catalyst towards the asymmetric, on-water aldol reaction. 
In addition to the catalyst evaluated in this study, two additional 
diprolinamides bearing octyl and decyl alkyl linking architectures have been 
synthesised and evaluated by another research group member. The data 
collected from these experiments are in agreement with that which is 
presented in this thesis and can be found as part of the publication 
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“Synergistic effects within a C2-symmetric organocatalyst: the potential 
formation of a chiral catalytic pocket” in appendix A. 
5.5 Catalyst conformation – formation of a chiral pocket 
Having established a relationship between the proximity of catalytic units and 
the activity and chiral induction of an organocatalysts 158, 162 and 164, a 
transition state was hypothesised. The proposed transition state would reflect 
the impact of catalyst site proximity, the role of the flexible linker, the role of 
the lipophilic tert-butyldiphenylsiloxy groups and the influence of the 
plentiful H-bonding opportunities offered at the oil/water interface unique to 
on-water systems. 
 
Figure 25.  Proposed transition state for the on-water aldol reaction catalysed by a C2-symmetric 
diprolinamide. 
Through consideration of the bridging alkyl unit and its effect on reaction 
outcomes, the “chiral pocket” transition state in Figure 25 has been proposed. 
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There are several key features of Figure 25 that contribute to the formation of 
this pocket and the subsequent observed reaction outcomes. These features 
are derived from several properties of the chosen symmetric architectures; 
proximal catalytic sites, presence of H-bond accepting amides and lipophilic 
siloxy groups. 
Throughout this project the asymmetric aldol reactions have been carried out 
on-water, a system that has been used groups such as Pedrosa et al. to 
facilitate highly enantioenriched organocatalysed reactions.126 The benefit of 
the H-bonding opportunities at the oil/water interface is twofold; (i) the 
presence of H-bond accepting amide-bond carbonyls within the catalyst leads 
to a highly organised transition state at the oil/water interface, allowing for 
increased control of the approach of the electrophilic aldehyde leading to high 
optical purity of the product; (ii) the inductive effect of H-bonding to the 
amide carbonyl increases the acidity of the N-H bond, encouraging H-bonding 
between the amide N-H and the approaching aldehyde. The directing effect of 
this H-bonding system is fundamental to the enantioselectivity of an 
organocatalyst.188,223,224  
Despite stabilisation of the proposed transition state by the TBDPSO groups 
buried into the organic droplet, the proximity of the alkyl linking group and 
the oil/water interface presents an unfavourable interaction.128 This 
unfavoured proximity to the aqueous phase would become more pronounced 
when employing a catalyst with a longer linking bridge (Figure 26). To 
accommodate this effect, a catalyst with a larger and hence more hydrophobic 
linking group may adopt a more linear transition state, sacrificing the highly 
conserved chiral pocket formed when employing a small diprolinamide such 
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as 162, or even prefer to be situated deeper within the droplet, reducing the 
influence of the H-bond network at the aqueous interface. 
 
Figure 26.  Catalyst bearing a long linker prefers a more favoured, “linear” transition state. 
The proposed “chiral pocket” transition state requires a hydrogen bonding 
network to influence the approaching geometry of the aldol acceptor. In the 
proposed state illustrated in Figure 25, the electrophile is influenced by both 
amide units, allowing for a highly regulated electrophile approach. If the 
distance between each H-bond donating amide is increased, the amide bonds 
would be less likely to operate in the proposed cooperative manner leading to 
a sacrifice in enantioselectivity. This is supported by the frequent citing of 
multiple H-bond donors within an organocatalytic framework contributing to 
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improved chiral induction as demonstrated by Kokotos et al. (216) and Chen 
et al. (217) among others (Scheme 59).225,226,227,228 
 
Scheme 59. Thiourea based 216 and phenol based 217 enact high chiral induction through 
multiple H-bond donors.226,228 
The nature of the cooperative H-bonding network in Figure 25 places each 
catalytically active prolinamide unit equidistant from the electrophilic 
aldehyde. The result of this symmetric, cooperative conformation is a catalytic 
pocket where each proline unit contributes to a high localised density of 
activated nucleophilic enamine. As the linking architecture increases in 
length, this localised density is diminished, leading to a reduction in catalytic 
activity. This hypothesis is supported by the observation of smaller 
diprolinamide 162 surpassing the larger analogues with respect to 
conversions. The variation in transition state leads to the larger dodecane 
based 164 to adopt a less organised configuration, mitigating any potential 
cooperative interactions between proline units (Figure 26).  
5.5.1.  Organocatalysed reactions in neat ketone 
It has been proposed that the transition state adopted by each diprolinamide 
is a highly H-bond mediated chiral “pocket”. This structure undergoes 
enhance chiral induction and activity due to the proximal prolinamide units, a 
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conformation assisted by the presence of numerous H-bonds afforded by the 
oil/water interface.191,229 One method of probing the viability of this proposed 
chiral pocket is to carry out the asymmetric organocatalysed aldol reactions 
in neat ketone, thus removing the oil/water interface and any interfacial H-
bond networks. 
To investigate the effect a purely organic system has on diprolinamide 
catalytic activity, a series of aldol reactions were carried out in 0.5 mL of neat 
ketone (Table 31). It was anticipated that the butane based 162 would 
perform poorly without the H-bond mediated and transition state 
organisation leading to catalytic site independence (Figure 27), while the 
catalytic activity of dodecane based 164 would remain relatively unchanged 
due to the decreased dependence on interfacial H-bonding proposed in Figure 
26.  
 
Figure 27.  The proposed catalyst structure adopted in either the neat or on-water 
organocatalysed aldol reaction. 
A series of reaction carried out were catalysed by 162 and 164 in a neat 
cyclohexanone solvent system. When employing benzaldehyde (Table 29, 
entry 1), no conversion was observed, a dramatic difference in catalytic 
activity compared to the on-water, 162 catalysed aldol reaction where a 
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conversion of 68% was obtained (Table 29, entry 1). This suppression in 
conversion was also observed when employing 4-bromobenzaldehyde (Table 
29, entry 3) and biphenylbenzaldehyde (Table 29, entry 5) with only traces of 
product observable by 1H NMR.  
Table 29. Asymmetric aldol reaction catalysed by diaminobutane based 162 in neat ketone. 
 
Catalyst Æ Neat  On-water* 
Entry R 
Conv. 
(%)a 
dra 
(syn/anti) 
eeb 
Conv. 
(%)a 
dra 
(syn/anti) 
eeb 
1 H NR - - 68 10/90 86 
2 4-NO2 30 15/75 76 99 4/96 97 
3 4-Br tracec - - 99 9/91 88 
4 4-F 14 26/74 66 71 6/94 86 
5 4-Ph NR - - 67 12/88 94 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
c: Trace defined as <3% conversion 
* Previously reported data presented for comparison 
More success was observed when utilising 4-nitrobenzaldehyde in the 162 
catalysed neat aldol reactions where a conversion of 30% and reasonable 
optical purity (15/75 syn/anti, 76% ee) was obtained. However, the reaction 
outcomes afforded by 162 when using 4-nitrobenzaldehyde were 
considerably inferior to those achieved in an on-water system (99%, 4/96 
syn/anti, 97% ee). These outcomes reflect those furnished when using 4-
fluorobenzaldehyde (Table 29, entry 4, 14% conversion, 66% ee), where both 
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the conversion and optical purity was sacrificed when the reaction was 
carried out in an organic solvent. 
From the data obtained from evaluating the activity of 162 in a purely organic 
system, the important role of water within the organocatalysed aldol reaction 
becomes apparent. In an organic system, catalyst 162 becomes considerably 
less active, failing to facilitate the asymmetric aldol reaction in three of the 
five chosen reactions.  
Table 30. Asymmetric aldol reaction catalysed by diaminododecane based 164 in neat ketone. 
 
Catalyst Æ Neat  On-water* 
Entry R 
Conv. 
(%)a 
dra 
(syn/anti) 
eeb 
Conv. 
(%)a 
dra 
(syn/anti) 
eeb 
1 H 30 38/62 72 32 15/85 68 
2 4-NO2 97 17/83 84 65 20/80 50 
3 4-Br 58 13/87 22 77 16/84 82 
4 4-F 87 27/73 44 76 17/83 86 
5 4-Ph tracec - - 19 17/83 80 
a: Determined by 1H NMR 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min 
c: Trace defined as <3% conversion 
* Previously reported data presented for comparison 
Repeating the neat experiments with 164 and benzaldehyde (Table 30, entry 
1) resulted in a conversion of 30% with the product present in reasonable ee 
(72%). In contrast to the poor activity of 162 in an organic solvent, 164 
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furnished reaction outcomes similar to those furnished on-water.  Employing 
4-nitrobenzaldehyde in the 164 catalysed system afforded a conversion of 
97% with a good ee of 84%. This result represents an improvement over the 
on-water reaction regarding conversion (97% up from 65%), dr (17/83 
syn/anti up from 20/80 syn/anti) and ee (84% up from 64%). A significant 
suppression of activity, affording very poor conversions (14% and 30%) 
while in some cases failing to catalyse the aldol reaction all together.  
Employing 4-bromobenzaldehyde with 164 in a neat organic system 
furnished inferior results compared to the on-water reaction (58%, 13/87 
syn/anti, 22% ee vs. 77%, 16/84 syn/anti, 82% ee), though the depression in 
catalyst activity is far less than that observed for 162. A similar sacrifice in 
chiral induction was observed when using 4-fluorobenzaldehyde in neat 
ketone, though the conversion in the organic system surpassed the on-water 
variant (87% from 77%).   
Finally, the biphenylbenzaldehyde containing reaction (Table 30, entry 5) was 
attempted in a neat organic solution. Unfortunately, analysis by by 1H NMR 
showed that reaction progress suffered considerably when denied interaction 
with water, affording the final product in only trace amounts.  
From the data presented in Tables 29 & 30, it can be seen that the activity of 
smaller catalyst 162 is considerably impaired in an organic solvent, while the 
larger catalyst 164 generally retains its activity though the chiral induction of 
both catalysts is somewhat depressed suggesting that 164 benefits less from 
the H-bonding network afforded within the on-water system. It was observed 
that the distance between catalytic units may contribute to the activity of a 
catalyst when used in an organic environment, though rather than a smaller 
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catalyst facilitating high conversions as has been the outcome of previous 
evaluations, a small bridge in an organic environment will inhibit activity 
more so than a longer bridge.  
Another effect that would contribute to the reduced conversions observed in 
Tables 29 & 30 is the removal of the micro emulsion required for on-water 
catalysis. This effective dilution of the reagents would have a significant effect 
on the rate of reactions, resulting in the generally poorer conversions 
observed.  
It can be considered that without the H-bond induced chiral pocket formation, 
each diprolinamide effectively operates as an individual prolinamide 
moieties. Without the dependence on a cooperative catalytic mode of action, 
optical purity would be a result of individual prolinamides, leading to the 
reasonably consistent chiral outcomes achieved between catalysts 162 and 
164 reported in Table 29. 
5.6 Conclusions 
Throughout this chapter, two novel C2-symmetric diprolinamides were 
evaluated by applying them to the on-water aldol reaction with the reaction. 
The results of these evaluation studies have shown each of the catalysts are 
able to catalyses aldol reactions on-water at low loading (1 mol%) to afford 
products in generally good conversion and high dr and ee.  
By comparing the reaction outcomes of three diprolinamides of varying 
length a trend has emerged whereby a small diprolinamide will catalyse the 
on-water aldol reaction with greater efficiency and stereoselectivity than a 
catalysts bearing a linger linking architecture. This trend has not been 
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reported in literature and has shown for the first time catalytic site proximity 
within a multi-proline catalyst as a property that influences catalytic ability. 
From this work a novel, cooperative transition state has been proposed 
(illustrated in Figure 25) and the validity of this has been tested via catalysed 
the aldol reaction in a purely organic solvent.  
The work presented in this chapter has contributed to the following 
publication: Delaney J,P, Brozinski H, L, Henderson L,C. Synergistic effects 
within a C2-symmetric organocatalyst: the potential formation of a chiral 
catalytic pocket. Org. Biomol. Chem., 2013; 11: 2951-2960. 
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Chapter 6   
 
This chapter describes preliminary studies investigating two areas; the 
organocatalytic synthesis of isoindolinones, and the development and 
synthesis of a photo-isomerisable organocatalysts. 
Having successfully evaluated and compared diprolinamides 158, 162 and 
164 via the on-water aldol reaction, the mechanistically similar Mannich 
reaction was chosen as the next system for diprolinamide evaluation. 
However, the challenge remained to apply the range of C2-symmetric 
diprolinamides to a reaction system beyond the scope of simpler systems 
typically employed for organocatalyst evaluation. This both demonstrates the 
versatility of these catalysts and provides access to biologically relevant 
compounds. To this end, an investigation into the organocatalytic synthesis of 
isoindolinones via an asymmetric Mannich reaction was undertaken. 
6.1 The organocatalysed Mannich reaction 
The Mannich reaction, like the aldol reaction, is another benchmark reaction 
for organocatalyst evaluation that has been employed extensively throughout 
the last decade.230 First carried out by List et al. in the early 2000’s, the 
Mannich reaction has since become a prominent means of organocatalyst 
evaluation.77,230  The Mannich reaction has since been adopted by a wide 
range of researchers using a vast combination of substrates and conditions to 
generate complex and densely functionalised chiral products.231 
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In recent years the organocatalysed three component Mannich reaction has 
been applied to the synthesis of a range of natural products containing β-
amino carbonyls.232,233 One recent example by Hayashi et al. employed the L-
proline catalysed Mannich reaction to access intermediate 221 (shown in 
blue) of Nikkomycins B and Bx (Scheme 60).234 
 
Scheme 60. Organocatalysed Mannich reaction for the synthesis of Nikkomycin B.234 
In order to evaluate catalysts 158, 162 and 164 in a more synthetically 
challenging context, a more complex model reaction was designed in order to 
evaluate the mechanistically analogous diprolinamide catalysed Mannich 
reaction. To achieve this, an organocatalytic synthesis of isoindolinones was 
designed. 
6.2 Isoindolinones 
Isoindolinones have recently gained an increasing amount of attention in a 
range of fields.235-237 A naturally occurring bicyclic architecture, 
isoindolinones have become a highly valued synthetic target due to their 
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prevalence in biologically active compounds used for the treatment of anxiety, 
as antimicrobial agents and anti-oxidants.238-240 
 
Figure 28.  General structure of isoindolinone 224, antioxidant 225 and Indoprofin 226.240,241 
The generic bicyclic isoindolinone moiety 224 (Figure 28, highlighted in blue) 
is a core unit in a range of biologically active compounds and as such, there 
has been a great deal of interest in the efficient and robust means of accessing 
these architectures. This has led to a plethora of methodologies that access 
the isoindolinone framework in vastly differing ways.  
6.2.1.  Current methods of accessing isoindolinones 
Previous synthetic methods of accessing isoindolinones are highly varied. A 
three component Mannich/lactamisation domino process was recently 
employed by Zhang et al. to access isoindolinone 229 (Scheme 61).242  
 
Scheme 61. Three component Mannich/lactamisation by Zhang et al.242 
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This approach offered a robust methodology to access isoindolinones in short 
reaction times (1 – 6 h) using mild conditions (20 mol% TsOH). Additionally, 
good tolerance of structural and electronic variations regarding both anilines 
and ketones was demonstrated, though only racemic products were obtained. 
Similarly, a recently reported method by Smith et al. employed a one pot 
ortho-lithiation/electrophilic substitution to afford a highly substrate 
tolerant, racemic isoindolinone synthesis.243  
A large number of research groups have reported success with transition 
metal catalysis for the synthesis of the isoindolinone framework. One example 
provided by Zhang et al. employ a palladium catalysed aza-Wacker type 
cyclisation to access isoindolinones bearing quaternary carbon centres (232, 
Scheme 62).244  This methodology is notable as very few means of 
synthesising isoindolinones afford a product with any notable enantiomeric 
enrichment at the generated stereocentre. 
 
Scheme 62. Pd mediated aerobic aza-Wacker type synthesis of 232 by Zhang et al.244  
A host of other metal sources such as Ni(cod)2, Pd nanoparticles and Pt 
nanowires have been successfully employed by groups such as Wang et al, 
Grigg et al. and Gu et al. respectively, though each approach has offered no 
chiral enrichment.245-248    
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6.2.2.  Diprolinamide catalysed isoindolinone synthesis 
To access the target chiral isoindolinone 229, the synthesis described by 
Zhang et al. (Scheme 61) was adopted.242 It was hypothesised that 
modification of the racemic synthetic strategy employed by Zhang et al. to 
incorporate an asymmetric organocatalysed Mannich reaction may facilitate 
access the isoindolinone unit with a degree of enantioselectivity. There has 
been one report of an organocatalysed isoindolinone synthesis, though this 
case was restricted to a small range of malonic acid esters.249  
 
Scheme 63. Proposed three component asymmetric synthesis of isoindolinone 229. 
The proposed synthesis (Scheme 63) reflects the three component approach 
taken by Zhang et al. whereby an aniline (232) condenses with 2-
formylbenzoic methyl ester 227 to form electrophilic imine 234.  The 
 158 
 
asymmetric, diprolinamide catalysed Mannich reaction of cyclohexanone and 
234 (highlighted in blue) affords chiral intermediate 236. The Mannich 
product 236 should undergo spontaneous lactamisation to afford 
isoindolinone 229 (as was reported with the racemic example by Zhang et al.) 
with two controlled stereocentres (denoted by asterisks).242  
Although the isoindolinone synthesis reported by Zhang et al.  employed DCM 
as the solvent medium, the cascade presented in Scheme 63 was to be carried 
out with the previously optimised aldol conditions i.e. on-water with a 
catalyst loading of 1 mol% for 24 h. To minimise the occurrence of the 
undesired aldol reaction from occurring between 227 and cyclohexanone 2, 
the organocatalyst, amine and aldehyde 227 were stirred for 10 minutes 
prior to the addition of the remaining reagents. 
6.2.3.  Organocatalytic synthesis of isoindolinones 
The required methyl ester 227 was synthesised by methylation of carboxylic 
acid 237 via a literature procedure in a 62% yield (Scheme 64).250  
 
Scheme 64. Synthesis of methyl ester 227 adapted from Smith et al.250 
As with the previously evaluated asymmetric aldol reaction (Chapters 3 – 5), 
the isoindolinone synthesis was initially attempted without the presence of 
catalysts (Table 30, entry 1), affording a 26% yield with the product present 
in high diastereopurity (11/89 syn/anti) with no enantiomeric enrichment.  
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Table 31. Asymmetric, organocatalytic synthesis of isoindolinone 239. 
 
Entry Catalyst 
Loading  
(mol %) 
Yield (%)a dr (syn/anti)a ee (%)b 
1 - - 26 11/89 0 
2 15 20 30 16/84 2 
3 70 20 26 13/87 0 
4 162 1 27 21/79 2 
5 162 2.5 20 4/96 14 
6 158 1 28 15/85 18 
7 158 2.5 31 10/90 56 
8 158 5 31 22/78 48 
9 164 1 15 12/88 30 
10 164 2.5 44 11/89 60 
11c 164 2.5 45 14/86 62 
12e 164 2.5 42 11/89 60 
a: Isolated yield of combined diastereomers 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min  
c: Reaction was carried out for 24h at rt, then subsequently stirred for 3h at 50 °C 
e: Reaction was left for 48h 
Best result in bold italics 
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The reaction progress within this control system was attributed to the basic 
aniline 238 facilitating the competing achiral base catalysed Mannich reaction 
or the potential for acidic on-water catalysis.130 Due to the documented 
propensity of trans enolates to afford anti products, the major diastereomer 
has been tentatively assigned as anti.251,252 
The isoindolinone synthesis was then attempted with both L-proline 15 and 
trans-4-OH-L-proline 70 (Table 31, entries 2 & 3 respectively). When 
employing L-proline 15, the isolated yield was slightly improved from the 
control reaction (30% up from 26%), though analysis by chiral HPLC showed 
the product was present in an essentially racemic mixture. A similar result 
observed when using trans-4-OH-L-proline 70 (26% yield, 13/87 syn/anti, 0% 
ee) suggested that both proline analogues failed to participate in the on-water 
cascade reaction. 
Employing the C2-symmetric organocatalysts discussed in this thesis, butane 
based diprolinamide 162 was applied to the isoindolinone synthesis (Table 
31, entry 4). Analysis of the isolated product showed that 162 afforded a yield 
of 27% with an ee of 2%, a negligible change compared to the control reaction 
(Table 31, entry 1). Increasing the catalysts loading from 1 mol% to 2.5 mol% 
(Table 31, entry 5) resulted in a slight decline in conversion but furnished the 
product in significantly improved optical purity (4/96 syn/anti, 22%). This 
result is notable as it presents an improvement in chiral induction without 
contributing a comparable increase in the rate of reaction. 
When utilising diaminohexane based 158 (Table 31, entries 6 – 8), the 
enantiomeric outcomes surpassed those obtained with 162. Employing 158 
in a loading of 1 mol% afforded a relatively unchanged yield compared to 162 
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(28% vs. 27%) however a significant increase in ee was observed (18% up 
from 2%).  Increasing the loading to 2.5% (Table 31, entry 7) furnished the 
desired isoindolinone in a 31% yield in a further improved ee of 56%. The 
catalytic loading of 158 was further increased to 5 mol% (Table 31, entry 8), 
though conversion remained low (31%) and both the dr (22/78 down from 
10/90 syn/anti) and ee (48% down from 56%) suffered. 
When utilising the largest diprolinamide 164 at a loading of 1 mol% (Table 
31, entry 9) a relatively poor yield was obtained (15%). However, the 
enantiopurity of the product exceeded those provided by 162 and 158 when 
used in a 1 mol% loading (30% vs. 2% and 18% respectively). While the dr 
remained consistent with the previous experiments, increasing the catalyst 
loading to 2.5 mol% (Table 31, entry 10) afforded the product in a moderate 
yield of 44% in relatively high enantiopurity (60%).  
It was thought that the low to moderate yields obtained from the 
organocatalysed isoindolinone syntheses may be due to the cascade reaction 
failing to undergo the final lactamisation resulting in intermediate 240 which 
is removed during the work-up (Scheme 65). 
 
Scheme 65. Organocatalysed synthesis of 239 employing heat. 
To promote the ring closing lactam formation, the reaction using 164 was 
carried out at rt for 24 h to allow for the Mannich reaction to occur and the 
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heated to 50 °C for 3 h to encourage lactamisation (Table 31, entry 11, 
Scheme 65). This would allow for the stereoselective organocatalytic process 
to complete before thermally encouraging ring closure. Unfortunately this 
procedure amounted to a negligible change in both yield (45% vs. 44%) and 
enantioselectivity (62% vs. 60%) while inducing a slight depreciation in dr 
(14/86 vs. 11/89 syn/anti). A longer reaction time (Table 31, entry 12, 48 
hours) was also employed, though once again the reaction outcomes showed 
no real benefit regarding yield (42% vs. 45%) or optical purity (60% ee for 
both 24 h and 48 h). 
 
Scheme 66. Optimised asymmetric isoindolinone synthesis. 
After applying each novel diprolinamide to the cascade synthesis of chiral 
isoindolinones, it was determined that the ideal organocatalytic system was 
the employment of 164 at 2.5 mol% (Table 31, entry 10, Scheme 66).  
Having optimised the procedure, the experiment was extended to incorporate 
a small series of anilines and amines in order to generate a series of 
electrophilic Mannich acceptors in situ. These amines include both electron 
rich and electron deficient anilines (Table 32, entry 1 and entries 2 & 3, 
respectively), and two chiral primary amines (Table 32, entries 4 - 6).  
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Employing the electron rich 4-methoxyaniline (anisidine) (Table 32, entry 1) 
gave an isolated yield of 53% accompanied by a good dr (9/91), and very 
good enantioselectivity (80%). When employing electron withdrawn anilines 
4-aminobenzonitrile and 4-chloroaniline (Table 32, entries 2 & 3), the 
isolated yield in both cases was poor (20% and 44%, respectively). However, 
the enantiopurity of products 242 and 243 was excellent (98% and 97%, 
respectively). 
Table 32. Asymmetric isoindolinone synthesis catalysed by 164. 
 
Entry Amine Product 
Yield 
(%)a 
dr 
(syn/anti)a 
ee (%)b 
1 
 
241 53 7/93 80 
2 
 
242 20 10/90 98 
3c 
 
243 44 8/92 97 
4 
 
(+) 244 tracec - - 
5 
 
(-) 244 20 10/90 74 
a: Isolated yield of combined diastereomers 
b: Determined by chiral HPLC, ChiralPak AD-H, 9:1, hexane:isopropanol, 1 mL/min  
c: Trace is defines as <3% desired product determined by 1H NMR 
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The final amine substrate to be employed in the asymmetric 
Mannich/lactamisation was α-methylbenzylamine, notable for the pre-
existing chiral methyl group. The chiral substrates were utilised individually 
as both the enantiopure R and S isomers (Table 34, entries 4 & 5, 
respectively) and was employed to determine if the enantioselectivity or 
diastereoselectivity could be improved through chiral matching with 
organocatalyst 164. Chiral pairing has been used in many instances to 
improve chiral induction through the use of substrates bearing 
complementary stereochemistry, resulting in an increase of chiral 
enrichment.253,254 This property is often encountered within asymmetric 
synthesis and organocatalysis, due to the generation of a chiral transition 
state which is inherently more suited towards reacting with substrates 
bearing complementary stereochemistry.  As such it was proposed that either 
(+) or  (-) α-methylbenzylamine may prove more suited to the cascade 
process in Table 32 than the other.255 When employing (+)-α-
methylbenzylamine (Table 32, entry 4), the reaction showed very little 
progression when analysed by 1H NMR spectroscopy. Alternatively, 
employing (-)-α-methylebenzylamine (Table 32, entry 5) gave a significant 
increase in conversion (20% from <2%) and good enantiopurity (74%).  
From the reaction outcomes observed in Table 32, it was proposed that the 
introduction of the more reaction ketone cyclopentanone 173 may increase 
the conversion to the desired product. To investigate this, several reactions 
from Table 32 were repeated with cyclopentanone 173 (Scheme 67). 
Unfortunately, in all cases analysis of the crude extract by 1H NMR revealed 
complex mixtures of unidentified products.  
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Scheme 67. 164 catalysed isoindolinone synthesis using cyclopentanone 173. 
Due to time constraints, the organocatalysed asymmetric synthesis of 
cyclopentanone based isoindolinones could not be optimised further, but 
several methods to improve the efficiency of the reaction can be postulated. 
6.3 Potential methods to improve the chiral synthesis of 
isoindolinones 
Current optimisation of the 164 catalysed isoindolinone synthesis has shown 
the reaction to proceed with reasonable enantioselectivity across a small 
range of substrates, but demonstrated poor tolerance of cyclopentanone and 
primary amines. However, there are several potential avenues that may be 
explored to improve the viability and robustness of the devised asymmetric 
strategy.  
Preformation of the desired imine may prove to be an efficient method of 
reducing the occurrence of the competing aldol reaction (Scheme 68). Other 
means of improving both the yield and enantioselectivity of the 
Mannich/lactamisation reaction employing cyclohexanone would be the 
investigation of reduced reactions temperatures,256,257 the utilisation of a less 
sterically imposing organocatalyst (Scheme 68), or promotion of the lactam 
formation via substitution of the 227 methyl ester for a Weinreb amide.258-260 
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Scheme 68. Organocatalysed, two component synthesis of isoindolinones with Jørgensen 
catalysts 50. 
The results obtained in this chapter suggest that a catalyst bearing a large 
linking group is more suited towards the synthesis of isoindolinones than a 
catalyst with a small linking architecture. This is a direct contrast to the 
impact linking unit length imparted on the on-water aldol reaction discussed 
in chapters 3 – 5. This effect has been hypothesised to arise from steric 
interactions between the chiral pocket and the large phenyl imine 
electrophile formed in situ. As such, studies have been initiated to develop a 
catalyst capable of varying catalytic site proximity within one scaffold, 
potentially adopting two conformations suited towards two different 
transition state volumes. 
6.4 The design and synthesis of photo-isomerisable 
organocatalytic diprolinamides 
So far within this project, three novel C2-symmetric diprolinamides have been 
synthesised and evaluated. Each diprolinamide is composed of a linear alkyl 
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linking architecture of differing length i.e. butyl 162, hexyl 158 or dodecyl 
164. Evaluation of each catalyst has shown that the distance between each 
catalytic site greatly influences the suitability of a catalyst for a given 
transformation.  
 
Scheme 69. Proposed azobenzene based diprolinamide 245. 
Work discussed in Chapter 5 has shown smaller catalysts facilitate the aldol 
reaction with greater efficiency than larger catalysts, while this trend is 
inverted when each catalyst is applied to systems incorporating larger 
electrophiles e.g. the Mannich reaction. From these observations, a catalyst 
was designed that could adopt two distinct conformations, one where 
catalytic sites are in close proximity, and one where each catalytic site is 
remote from the other (Scheme 69). Ideally this architecture would allow for 
efficient catalysis of two distinct reactions depending on the chosen 
conformation. To access this structure, a diazophenyl derived 
photoswitchable catalyst 245 has been designed. 
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6.4.1.  Photoswitches in organic chemistry 
Chemical photoswitches are a class of compounds that undergo reversible 
isomerisation when irradiated with visible light, a property used in nature to 
facilitate chemical changes in response to external stimuli.261 One of the most 
simple and versatile photo-isomerisable architectures available are derived 
from azobenzenes 246 (Scheme 70).262,263  
First discovered in the 1800’s, azobenzenes were predominantly used as 
synthetic dyes. It wasn’t until work by Hartley in 1937, the first to successfully 
isolate the cis isomer of azobenzene that the photo-responsive nature of these 
compounds was elucidated.264 
 
Scheme 70. The two reversible isomers of photoswitchable azobenzene 246. 
The applications of this selectively isomerisable substrate have proven to be 
highly varied, many of them biological in nature.265-267 Despite this versatility, 
the presence of photo-isomerisable structures in the design of novel catalysts 
is minimal. One area that has not been investigated is the use of diazo-
photoswitches for the control of proline derived organocatalyst 
conformational structure.268  
A recent publication by Kurihara and co-workers describe the first synthesis 
of a bis-trityl-alchohol acid catalyst comprised of an azobenzene core for the 
catalysis of the Morita-Baylis-Hillman (MBH) reaction (247, Scheme 71).269 
The acid catalysed reaction is promoted by the increase in acidity of the 
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proximal trityl alcohol units brought on by Brønsted acid-assisted Brønsted 
acid (BBa) activation occurring within the cis-247 isomer which 
approximates the structure of chiral acid 253 (shown in blue).270,271 Based on 
the active trityl alcohol 253, diazo based diol 247 allowed for manipulation of 
the alcohol proximity through selective isomerisation from the inactive trans 
form to the catalytically active cis isomer. This allowed for a catalysts 
possessing a light responsive “on switch”. 
 
Scheme 71. Photoswitchable diol 247 catalysed MBH reaction.269,272 
The nature of this activation is through control of the proximity of the active 
alcohol moieties achieved through irradiation of the azobenzene core 
(Scheme 72). The subsequent isomerisation has a spatial impact on both the 
distance between para substituents of the benzene rings (a change of ~ 3.5 
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A˚) and the angle of the resulting cis core (a cleft ~ 55 °).273 It was proposed 
that variations in the orientation of catalytic units within a multi-proline 
organocatalyst could arise from such an isomerisation, potentially allowing 
for control over reaction progress and reaction selectivity in situ. 
6.5 Synthesis of azobenzene based 245 
To preserve the H-bond accepting properties present in catalysts 162 and 
164, amide bonds were once again chosen to be used to couple the 
catalytically active L-proline 255 moieties to the central azobenzene scaffold 
254. This could be accessed through the employment of phenylenediamine 
256 as the substrate from which the azobenzene core was generated. This 
strategy provides a photo-responsive core decorated with primary amines 
(254) that may be coupled to carboxylic acid 255 via carbodiimide coupling 
(Scheme 72). 
 
Scheme 72. Retrosynthesis of target photoresponsive catalysts 245. 
Recent work reported by Jiang and Ma has described the oxidation of a series 
of anilines for the synthesis of substituted iminoquinones.274 The published 
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method used 2-iodoxybenzoic acid (IBX) to rapidly oxidise a broad range of 
anilines to afford compounds such as 254 in reaction times as little as 20 
minutes. When Jiang and Ma applied this methodology to phenylyenediamine 
256, bis-aminoazobenzene 254 was afforded in a yield of 88% in 50 minutes. 
This efficient method of accessing azobenzenes proceeded through a 
proposed SET mechanism illustrated in Scheme 73.275 
 
Scheme 73. Proposed mechanism for the synthesis of bis aniline 254 via IBX initiated SET.274 
The proposed mechanism begins by a single electron transfer initiated by the 
oxidant IBX. The resulting radical 257 re-aromatises to form nitrogen centred 
radical 259 which subsequently undergoes homo-coupling and oxidation to 
afford the final bis-aniline 254.  
In order to employ the methodology reported by Jiang et al., the synthesis of 
IBX was required. 
6.5.1.  Synthesis of 2-iodoxybenzoic acid 261 
First discovered in 1893, IBX has since risen to prominence as a precursor to 
the oxidative Dess-Martin periodane, a significantly more soluble IBX 
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derivative.276,277 However, recent work has shown the successful application 
of IBX to a wide range of synthetic transformations when in a DMSO solution. 
These reactions include mild selective oxidations of vic-diols, the oxidation of 
1,4-diols for the synthesis of lactols, and  the oxidative cleavage of oximes to 
form carbonyls.278-280 
The synthesis of IBX was carried out as per Scheme 74, adapted from a 
procedure reported by Santagostino et al. to afford the oxidant 261 as a white 
powder.281 The reaction required little optimisation with repeated attempts to 
obtain 261 improving in yield as the scale of the reaction was increased. The 
original conditions generated 201.6 mmol of the target oxidant, though due to 
the potentially explosive nature of IBX, the scale was lowered to 3 mmol.282  
Gradually increasing the scale of the procedure eventually afforded 261 in 
good yield (66%) on a scale of 12.1 mmol.  
 
Scheme 74. Synthesis of 2-iodoxybenzoic acid 261.281 
With the desired oxidant in hand, the synthesis of photo-isomerisable scaffold 
254 was undertaken. 
6.6 Synthesis of diazodiamino benzene 254 
The first attempt at synthesising azobenzene 254 (Table 33, entry 1) was 
adapted from a literature procedure reported by Jiang and Ma, employing 
1.25 eq. of IBX in 8 mL of DMSO.274 The reaction was stirred at room 
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temperature to afford the product as dark red powder. Unfortunately, 
analysis of the final mixture by 1H NMR showed a considerable mixture of 
products. Purification by column chromatography gave the final isolated 254 
in a 40% yield.  
Table 33. Oxidative diazo formation adapted from Jiang and Ma.274 
 
Entry IBX (eq.) DMSO (mL) Time (min.) Yield (%) 
1 1.25 8 50  40 
2 1.25 4 50  21 
3 1.25 2 50  14 
4 1.25 8 180 - 
Reaction carried out on 0.7 mmol phenylenediamine 
As the reaction was undertaken in a more dilute system than that reported, 
two experiments were carried out at higher concentrations (Table 33, entries 
2 & 3). Unfortunately each decrease in solvent volume significantly decreased 
the isolated yield, likely a result of the higher concentration encouraging 
polymerisation of the product 
A final attempt to improve the yield of the oxidative diazo formations was 
attempted by increasing the reaction time from 50 minutes to 3 h (Table 37, 
entry 4). Under these conditions a final mixture composed of predominantly a 
fine, insoluble suspension was afforded.  
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A reason for the poor yield of the azobenzene formation could potentially be 
attributed to polymerisation through repeated oxidative addition at the amine 
groups of the target bis-aniline. Though an emphasis by Jiang and Ma was 
placed on the absence of any polymerisation, the presence of insoluble 
material within the product mixture suggested that this was the case. Rather 
than investigate the use of an alternative oxidation strategy, an amine mono-
protection strategy was adopted, preventing an over oxidation of 
phenylendiamine and minimising opportunities to polymerise. 
6.6.1.  Mono-protection of phenylenediamines 256 and 
revised diazo formation 
Due to the mild cleavage conditions and previous user experience, a tert-
butoxycarbamate was chosen to be the protecting strategy for the synthesis of 
244.  
Table 34. Mono N-Boc protection of phenylenediamine 262. 
 
Entry Amine (eq.) Solvent Base Yield (%) 
1 4 DCM - 38 
2 5 1,4-dioxane - -* 
3 8 1,4-dioxane - -* 
4 3 DMF/THFa K2CO3 54 
5 3 DMF/THFa NEt3 77 
*: Di-N-Boc product recovered after recrystallization 
a: Used in a 3:1 ratio, respectively 
Best result presented in bold italics 
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The reaction was first attempted under standard conditions for the mono-
protection of diamines (Table 38, entry 1). This involves utilising a large 
excess of amine, cooling the reaction mixture to 0 °C during the introduction 
of reagents, and the dropwise addition of Boc2O. The chosen conditions 
afforded the product in a yield of 38% after recrystallization. To improve the 
synthesis of 262, the methodology by van der Marel et al. was adopted (Table 
34, entries 2 & 3), employing a greater amount of amine and using 1,4-
dioxane as the solvent system.283 The reaction describes the addition of water 
upon the completion of the reaction to precipitate any bis-N-Boc protected 
product, and the mono-protected species 262 is subsequently isolated via an 
organic wash. Unfortunately, analysis of the crude product showed only Di-N-
Boc phenylenediamine. Further increasing the equivalents of diamines failed 
to improve the N-Boc protection (Table 34, entry 3).284 
Wongvipat et al. describes the mono protection of phenylenediamine in the 
presence of K2CO3 (Table 34, entry 4).285 This was carried out over 18 h with 
the resulting mixture treated with cold water to generate a brown precipitate 
which was subsequently dissolved and extracted in CHCl3. The product was 
recrystallised as per the literature procedure to give pure 262 in a yield of 
54%. One noticeable occurrence within the reaction was the generation of a 
white residue on the reaction vessel, likely K2CO3. To circumvent this 
solubility issue, an organic base was used (NEt3, Table 38, entry 5). This 
furnished the product in a good yield of 77%. 
With the N-Boc protected phenylenediamine 262 in hand, the oxidative diazo 
formation was reattempted as per the conditions published by Jiang and Ma, 
albeit with a slightly lowered loading of IBX (1.1 vs. 1.25 eq.) and an increased 
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reaction time of 2 h. Unfortunately, analysis by 1H NMR and HRMS showed a 
failure to generate the desired diazo compound.  
The diazo formation was repeated at greater reaction times (3 h, 5h and 16 h), 
though in each case an unidentified product was isolated. The reaction in was 
reattempted with both a decreased (1.1 eq.) and increased (1.2 eq.) of IBX, but 
in both cases analysis by 1H NMR spectroscopy and HRMS failed to show any 
presence of the desired azobenzene 262 (Scheme 75).  
 
Scheme 75. Oxidative diazo formation utilising N-Boc protected 262 adapted from Jiang and 
Ma.274 
Due to limited time, the synthesis of photo-isomerisable azobenzene 245 
could not be further optimised and is currently undergoing continued 
investigation by other research group members.  
6.7 Proposed alternate synthesis of photoswitch 
organocatalyst 
 One potential means of accessing desired catalyst 245 could be through the 
implementation of the alternate means of oxidation to form the desired diazo 
moiety. Current literature has shown azobenzene analogues successfully 
synthesised by employing oxidants such as NaNO2, KO2 and KMNnO4.286-288 
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One factor that may be interfering with the diazo formation is the presence of 
the 4-N-Boc groups that decorate the aniline units, a structure that is not been 
reported to be homocoupled via a diazo moiety. To avoid employing N-Boc 
phenylenediamine based diazobenzene 263, the alternate synthesis 
described in Scheme 76 has been proposed.  
 
Scheme 76. Proposed alternate synthesis for photo-isomerisable 267. 
An amine protected prolinol 255 may be coupled to mono-N-Boc protected 
phenylenediamine 262 to give tris-protected hydroxyproline derivative 265. 
Deprotection of the N-Boc phenylamine will afford compound free amine 266 
which can be subsequently treated according to the optimised oxidative diazo 
formation to furnish target catalyst 267. The success of the proposed 
synthesis hinges on the orthogonality and mild deprotection criteria for the 
pyrrolidine nitrogen protecting group. As such, the 9-fluoronylmethyl 
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carbamate (Fmoc) protecting group would be suitable for protecting of the 
pyrrolidine nitrogen. Easily installed under basic conditions, the Fmoc group 
is ideal due to being both stable in acidic and cleavable under mild 
conditions.134,289  
An alternative approach to access a photo-isomerisable diprolinamide is 
through the synthesis of a dicarboxylic acid azobenzene core 270, easily 
accessed from the corresponding 4-nitrobenzoic acid.290 This alternate 
scaffold could be coupled to ethylenediamine functionalised prolinol 269 to 
access photo-isomerisable 271 (Scheme 77).  
 
Scheme 77. Alternate photoswitch 271 based on dicarboxylate 270. 
Finally, commercially available architectures such the desired 4-[(4-
aminophenyl)diazenyl]phenylamine 254 or the hydroxybenzoic acid 
analogue (E)-5,5'-(diazene-1,2-diyl)bis(2-hydroxybenzoic acid) offer readily 
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available scaffolds that may be decorated with the desired catalytically active 
moieties. 
6.8 Conclusions 
The results presented in this chapter focuses on initial investigations into two 
main areas (i); the synthesis of chiral isoindolinones via organocatalysis by 
158, 162 and 164 and (ii); the design and synthesis of a photo-responsive C2-
symmetric diprolinamide.  
 
Figure 29.  Possible transition state for the on-water organocatalysed Mannich reaction. 
Optimisation of the asymmetric, three component Mannich/lactamisation 
domino reaction for the synthesis of chiral isoindolinones was carried out 
with diprolinamides 158, 162 and 164. Among the first asymmetric, 
organocatalysed methodologies developed for the synthesis of these 
biologically active target compounds. The optimisation presented in this 
 180 
 
chapter showed diprolinamides with longer linking architectures (such as 
diaminododecane-based 164) to be more active and afford higher 
enantiopurity than those with smaller bridging units when applied to the 
synthesis of isoindolinone. This has been attributed to an undesired steric 
impact of the larger transition state when in the presence of proximal, 
catalytic sites (Figure 29).  
The optimised organocatalytic conditions were then applied to a series of 
amines including two chiral benzylamines to afford several isoindolinones in 
moderate yield (20 – 53%) in generally good diastereomeric purity (10/90 
syn/anti) and very good enantioselectivity (74 – 99%) 
From the proposed transition state adopted for the catalysis of the 
Mannich/lactamisation cascade reaction by diprolinamides 158, 162 and 
164, the impact of the bulky electrophilic imine can be appreciated. The 
potential proximity of the imine phenyl ring to the flexible alkyl bridge of each 
diprolinamide would be most pronounced within the smallest catalyst 162. 
When the space within the proposed catalytic pocket is increased through the 
implementation of a larger linking structure (such as in the case of 164), the 
steric interactions between the organocatalyst and electrophile would be 
decreased, resulting in a catalyst more suited to the desired transformation. 
This has been reflected within the Mannich reaction outcomes within this 
chapter whereby the larger diprolinamides are shown to afford greater 
conversion and stereochemical control than smaller diprolinamide analogues.  
From the proposed relationship between intramolecular distance between 
catalytic sites and organocatalyst suitability towards transition state volumes, 
a photo-isomerisable organocatalyst was proposed. Progress so far has 
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extended to the optimisation of the synthesis of the photoswitchable 
azobenzene core accessed via an oxidative diazo formation through the 
employment of a protecting group based synthetic strategy.  
Future work for this area of research may include continued optimisation of 
the synthetic methodology so as to access the desired photo-responsive 
organocatalysts in a reasonable yield. This could be followed by the 
evaluation of both the photo responsive properties and organocatalytic 
potential of the target compound. The target compound will be evaluated 
across a range of model reaction systems under varying light conditions to 
elucidate the activity of both the E and Z diazo isomers to investigate if any 
reaction selectivity may be derived from the organocatalyst geometry. 
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Chapter 7  
7.1 Synthesis of a range of C2-symmetric diprolinamides 
This thesis has described the design, synthesis and evaluation of three novel, 
C2-symmetric diprolinamides. Each catalyst consists of a distinct bridging 
architecture derived from 1,4-diaminobutane (162), 1,6-diaminohexane 
(158) or 1,12-diaminododecane (164) synthesised in overall yields of 63%, 
66% and 33% respectively (Figure 30).   
 
Figure 30.  Final range of novel diprolinamide organocatalysts. 
A divergent approach was utilised to afford a divergent synthetic pathway 
capable of generating a wide range of symmetric diprolinamides via 
substitution of the chosen bridging unit. 
7.2 Assessing the catalytic scope of 158, 162 and 164 using the 
on-water aldol reaction 
The catalytic ability of each diprolinamide was evaluated utilising the on-
water aldol reaction. Diprolinamide 158 was the first to be evaluated, proving 
to efficiently catalyse the aldol reaction between a series of aryl aldehydes 
and cyclic ketones, though the generality of catalyst 158 was poor affording 
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little activity when employing aryl aldehydes decorated with electron 
donating groups 
 
Scheme 78. On-water aldol reaction catalysed by 158. 
In cases where 158 failed to afford the product in a synthetically useful 
conversion, an acid catalyst was employed. In some cases the introduction of 
10 mol% TFA into the reaction system resulted in increases in conversion or 
ee, though the effect on reaction outcomes varied largely between reagent 
combinations.  
 
Scheme 79. Organocatalysed, on-water aldol reaction at ultra-low (0.05 mol%) loading. 
Finally, catalyst 158 was applied to the aldol reaction of 
pentafluorobenzaldehdye 199 and cyclohexanone 2 in an effort to evaluate 
the catalytic ability of 158 at ultralow (<0.1 mol%) loadings. The resulting 
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reaction proceeded to 57% completion with high dr (22/78 syn/anti) and a 
TON of 1120 (Scheme 79). 
Having fully evaluated 158, attention was turned towards evaluating the 
remaining catalysts. In the case of smaller diprolinamide 162, the reaction 
outcomes observed were consistently superior to those furnished by catalyst 
158, whilst catalyst 164 proved inferior to each 158 and 162 in all cases. This 
distinct decline in activity, diastereoselectivity and enantioselectivity as 
bridging group length was increased led to the postulation of a novel, “chiral 
pocket” transition state illustrated in Figure 31.  
 
Figure 31.  Proposed chiral pocket transitions state adopted by diprolinamides 158, 162 and 
164. 
Investigation into this proposed pocket transition state was investigated via a 
series of aldol reactions carried out in a neat organic solution. These 
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experiments were undertaken using catalysts 162 and 164 in a solution of 
neat cyclohexanone whereby it was observed that in all cases 164 
outperformed 162 with regards to both conversion and stereoselectivity.  
This outcome suggests that without the H-bond network afforded by the 
water/oil interface encountered within on-water systems, the range of 
catalysts operate via a different means, negating any cooperative effects 
induced by the proposed pocket. 
7.3 Organocatalysed aldol reaction in ionic solutions 
Due to the high efficiency exhibited by catalysts 158 in an on-water system, a 
series of ionic solutions were employed to probe the effect aqueous phase 
compositions exhibited on organocatalytic progress and stereoselectivity.  
When employing a range of groups I and group II salt solutions, a clear trend 
occurred whereby the presence of anionic halogens disrupted both reaction 
progress and enantioselectivity.  When transition metal salts were introduced 
into the aqueous phase, the effect on reaction outcomes varied substantially. 
When employing Cu2+/Cu1+ salts, near complete inhibition of the catalytic 
activity of 158 was observed while the presence of a Zn2+ salt resulted in 
increased catalytic activity. It was hypothesised that these effects were the 
results of complexation between transition metal cations and diprolinamide 
158 in solution (Figure 32). 
An investigation into the effect of tap water on the on-water, organocatalysed 
aldol reaction showed the presence of that tap water impaired both the 
conversion (7% down from 91%) and ee (22% down from 99%) of 158 
compared to a deionised aqueous phase. This was attributed to the 
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hypothesised complexation of 158 to transition metal cations within the 
solution. In an attempt to restore the catalytic activity of 158 in tap water, the 
cation sequestering agent EDTA was introduced into the on-water aldol 
reaction.   
 
Figure 32.  Inactive Cu2+ complex 203 and catalytically active Zn2+ complex 205. 
Reassessment of 158 within a tap water/EDTA 5% w/w solution 
demonstrated the successful restoration of the catalytic activity of 158. 
7.4 Investigation into the organocatalysed synthesis of 
isoindolinones 
In order to broaden the scope of the reactions facilitated by diprolinamides 
158, 162 and 164, the series of novel organocatalysts were applied to the 
asymmetric Mannich/lactamisation domino reaction for the synthesis of 
chiral isoindolinones (Scheme 80). 
Optimisation of the isoindolinone synthesis with each diprolinamide again 
suggested that as linking architecture is increased the activity and chiral 
induction improves when applied to the on-water Mannich reaction. From 
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this information it was concluded that a larger catalytic pocket allowed for the 
accommodation of large electrophilic species, as is the case with the in situ 
generated phenyl imine.  
 
Scheme 80. 164 catalysed Mannich/lactamisation reaction for the synthesis of isoindolinones. 
Though further optimisation is required to develop a robust, substrate 
tolerant synthesis of isoindolinones, the data so far obtained suggests that 
modulation of catalytic site proximity within the current range of catalysts 
may offer a means to tailor reactivity towards a particular reaction system. 
Investigation into this hypothesis was undertaken with efforts towards the 
synthesis of a photo-isomerisable diprolinamide.  
Current efforts towards a photo-isomerisable organocatalyst have so far 
involved the design of azobenzene based diprolinamide 244. Synthesis of this 
target has so far failed to afford the desired product and as such two 
alternative approaches have been proposed. 
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Chapter 8  
8.1 General Experimental 
All 1H and 13C NMR spectra were recorded on a Jeol JNM-EX 270 MHz, Jeol 
JNM-EX 400 MHz or a Bruker Advance III 500 MHz FT-NMR as indicated. 
Samples were dissolved in deuterated chloroform (CDCl3) deuterated 
methanol (CD3OD) or deuterated DMSO (DMSO-d6) as indicated with the 
residual solvent peak used as an internal reference (δ = 7.26 ppm for CDCl3, 
3.31 ppm for CD3OD, 2.50 ppm for DMSO-d6). Proton spectra are reported as 
follows: chemical shift δ (ppm), integral (multiplicity (s = singlet, br s = broad 
singlet, d = doublet, dd = doublet of doublets, t = triplet, q = quartet, m = 
multiplet), coupling constant J (Hz), assignment). 
Thin Layer Chromatography (TLC) was performed using aluminium-backed 
Merck TLC Silica gel 60 F254 plates, and samples were visualised using 254 
nm ultraviolet (UV) light, and potassium permanganate/potassium carbonate 
oxidising dip (1:1:100 KMnO4:K2CO3:H2O w/w).  
Column Chromatography was performed using silica gel 60 (70-230 mesh). 
All solvents used were AR grade. Specialist reagents were obtained from 
Sigma-Aldrich Chemical Company and used without further purification. 
Petroleum spirits refers to the fraction boiling between 40-60 °C. 
Enantioselective HPLC was performed with a 1200 series Agilent system. 
Separation of stereoisomers was carried out with a Diacel Chiralpak AD-H 
chiral column (0.46 cm × 25 cm). Retention times were reported at ambient 
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temp (24 ⁰C) with an injection volume of 20 μL at a flow rate of 1 mL/min. A 
mobile phase of 10% isopropanol/ 90% n-hexane was used.  
HRMS were measured using an Agilent 6210 MSD TOF Spectrometer or a 
Agilent MS 6520 TOF with dual electrospray ionisation source under the 
conditions: gas temperature (350 °C), vaporizer (28 °C), capillary voltage (3.0 
kV), cone voltage (40 V), nitrogen flow rate (7.0 L/min), nebuliser (15 psi). 
Samples were dissolved in MeOH. 
Specific rotation [α]D was obtained using a JASCO DIPP Digital Polarimeter. 
Compounds were dissolved in CHCl3 where indicated. Rotation was measured 
at λ = 584 nm and reported with the units 10-1 °C cm2 g-1. 
Melting points were measured on a Stuart Scientific Melting Point Apparatus 
SMP3, v.5 and are uncorrected. 
8.2 Synthesis of C2-symmetric diprolinamides 
trans-4-Hydroxy-N-Boc-L-proline - 119 
Trans-4-hydroxy-L-proline 70 (3.00 g, 22.9 mmol) was 
dissolved in 45 mL of 1,4-dioxane/H2O in a 2:1 ratio. 
NaOH (1.83 g, 45.8 mmol) was added to the solution and 
allowed to stir for 4 minutes. Boc2O (5.49 g, 25.2 mmol) was added to the 
mixture and the solution was stirred for 24 h under a N2 atmosphere. The 
resulting mixture was acidified with 2M HCl (50 mL) and the protected 
compound was extracted into Et2O (3 × 60 mL). The solvent was removed in 
vacuo to give the protected species as a hygroscopic white foam (3.97 g, 75%). 
1H NMR (270 MHz, CDCl3): δ (ppm):  4.43 (br. m, 2 H, N-CH-CH2-CH), 3.51 (br. 
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m, 2 H, NH-CH2), 2.26 (br. m, 1 H, CH-CH2-CH), 2.09 (br. m, 1 H, CH-CH2-CH), 
1.41 (d, 9 H, J = 13 Hz, t-butyl). The compound was identified by 1H NMR and 
used without further purification.144  
trans-4-Hydroxy-N-Boc-L-proline benzyl ester - 128 
Benzyl bromide (1.40 mL, 11.8 mmol) was added 
to a 0 °C solution of trans-4-hydroxy-N-Boc-L-
proline 119 (2.48 g, 10.7 mmol) in THF. 
Triethylamine (1.78 mL, 12.9 mmol) was added and the resulting mixture was 
stirred for 18 h, gradually reaching room temperature. The solvent was 
subsequently removed in vacuo and the crude mixture was redissolved in 
DCM. The solution was washed with 1M HCl (2 × 30 mL), brine (2 × 30 mL), 
Na2CO3 (2 × 30 mL) and an additional wash of brine (1 × 30 mL). The washed 
organic phase was dried over MgSO4 which was filtered. The solvent was 
removed in vacuo to give the crude product as a viscous, pale yellow oil. The 
crude product was purified by column chromatography using gradient elution 
(2:1 pet. spirits: EtOAc Æ 100% EtOAc) to give the benzyl protected species 
128 as a pale yellow oil (2.94 g, 84%), Rf : 0.21 (1:2; EtOAc : pet. spirits); 1H 
NMR (270 MHz, CDCl3): δ (ppm) 7.72 (br s, 5 H, aryl), 5.04-5.17 (m, 2 H, CH2-
Ph), 4.42-4.30 (m, 2 H, chiral), 3.68-3.49 (m, 2 H, CH-CH2-CH), 2.20-1.97 (m, 2 
H, N-CH2-CH), 1.39- 1.27 (s, 9 H, t-butyl); [α] D20.7 = -61.1° (c = 0.118, CHCl3). 
Compound was identified by 1H NMR and was consistent with literature 
values.128 
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Trans-4-tert-butyldiphenylsiloxy-N-Boc-L-proline benzyl ester - 134 
Benzyl protected proline 128 (2.17 g, 6.76 
mmol) was dissolved in DMF (25 mL). 
Imidazole (1.31 g, 29.8 mol), DMAP (0.08 g, 
0.68 mmol) and tert-butyldimethylsilyl chloride (2.58 mL, 14.9 mol) were 
added to the solution and the mixture was stirred for 16 h. The reaction was 
quenched with cold H2O (100 mL) and acidified with 2M HCl (50 mL). The 
final product was extracted into EtOAc (3 × 30 mL), the combined organic 
phase was washed with 2M HCL (3 × 30 mL) and saturated NaHCO3  (3 × 30 
mL). The washed organic phase was dried over MgSO4 and the solvent was 
removed in vacuo to give the crude product as a brown oil which was purified 
by column chromatography (1:2; EtOAc : Pet. Spirits) to give the silylated 
prolinol 134 as a viscous, pale brown oil (2.50 g, 5.75 mmol, 85%). 1H NMR 
(270 MHz, CDCl3) δ (ppm): 7.23 (br, 5 H, aryl), 5.19 – 5.91 (m, 2 H, CH2-Ph), 
4.45 – 4.21 (m, 2 H, chiral), 3.50 (td, 1 H, J = 11.3, 2.4 Hz, CH-CH2-CH), 3.26 
(ddd, 1 H, J = 23.5, 11.1, 2.4 Hz, CH-CH2-CH), 2.14 – 1.78 (br. m, 2 H, N-CH2-
CH), 1.36 – 1.23 (d, 9 H, J = 31.6 Hz, t-butyl), 0.77 (br. s, 9 H, t-butyl), -0.06 (s, 
6 H, Si-CH3). Compound was identified by 1H NMR and was consistent with 
literature values.291 
Trans-4-tert-butyldiphenylsiloxy-N-Boc-L-proline benzyl ester - 140 
Benzyl protected proline 128 (0.67 g, 2.1 
mmol) was dissolved in DMF (15 mL). 
Imidazole (0.627 g, 9.22 mmol), DMAP (0.026 
g, 0.210 mmol) and tert-butyldiphenylsilyl chloride (1.20 mL, 4.61 mmol) 
were added to the solution and the mixture was stirred for 24 h. The reaction 
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was quenched with cold H2O (100 mL) and acidified with 2M HCl (50 mL). 
The final product was extracted into EtOAc (3 × 30 mL), the combined organic 
phase was washed with 2M HCl (3 × 30 mL) and saturated NaHCO3  (3 × 30 
mL). The washed organic phase was dried over MgSO4 and the solvent was 
removed in vacuo to give the silylated species as a thick resin which was used 
without further purification. An analytically pure sample was obtained for 
characterisation purposes via flash chromatography (1:5; EtOAc : Pet. Spirits) 
to give 140 as a colourless oil (50% determined by 1H NMR). Rf = 0.52; 1H 
NMR (270 MHz, CDCl3) δ (ppm): 7.61 (m, 4 H, aryl), 7.37 (m, 10 H, aryl), 5.11 
(m, 2 H, Bn), 4.423 (m, 2 H, chiral), 3.48 (m, 2 H, N-CH2), 2.26 (m, 1 H, CH-CH2-
CH), 1.88 (m, 1 H, CH-CH2-CH), 1.42 (s, 9 H, t-butyl), 1.05 (s, 9 H, t-butyl); 13C 
NMR  (100 MHz, CDCl3) δ (ppm) = 172.86, 154.59, 135.57, 133.89, 129.87, 
128.55, 128.43, 127.76, 80.03, 71.41, 70.65, 66.64, 58.27, 57.83, 54.70, 54.37, 
39.51, 38.67, 28.37, 28.18, 26.77, 19.02; [α]D20.7 = -37.2 ° (c = 0.123, CHCl3); IR 
ʋmax = 1747 (s), 1427 (s), 1175 (s), 1105 (s); HRMS calculated for 
[C33H41NO5SiNa]+ M = 582.26462 found m/z = 582.26402. 
Trans-4-tert-butyldiphenylsiloxy-N-Boc-L-proline carboxylate - 142 
Method A: Crude silylated proline 140 (8.9 g) was 
dissolved in MeOH (20 mL) and Pd/C (0.89 g, 10% 
w/w) was added. The mixture was stirred under 
H2 (balloon) for 18 h and the resulting solution was vacuum filtered through 
celite and the filtrate evaporated under reduced pressure. The crude product 
was purified by column chromatography (1: 9; EtOAc : Pet. Spirits) to give the 
deprotected acid 142 as a viscous, pale brown oil (1.217 g, 72% over two 
steps). 
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Method B: TBDPS-Proline 77 (2.71 g, 0.734 mmol) was dissolved in a 1:1 ratio 
of THF/H2O (20:20 mL).To this mixture was added NaOH (0.733 g, 0.018 mol) 
along with Boc2O (2.08 g, 0.953 mmol) and the solution was stirred for 16 h at 
room temperature. The resulting solution was then acidified with 2M HCl and 
extracted into Et2O (3 × 20 mL). The combined organic phase was dried over 
MgSO4 and the solvent was removed in vacuo to afford a clear viscous oil. The 
crude mixture was purified via flash chromatography (1:4; EtOAc : Pet spirits) 
to give the pure monomer as a colourless oil (2.82 g, 0.6  mol, 82%); Rf : 0.22 
(1:3; EtOAc : Pet. Spirits); 1H NMR (270 MHz, CDCl3) δ (ppm): 7.6 (m, 4 H, 
aryl), 7.39 (m, 6 H, aryl), 4.52 (t, 1 H, J = 5.18 Hz, CH-CO), 4.4 (m, 1 H, CH2-CH-
CH2), 3.52 (m, 1 H, N-CH2), 3.44 (m, 1 H, N-CH2), 2.25 (m, 1 H, CH-CH2-CH), 
2.06 (br. m, 1 H, CH-CH2-CH), 1.42 (d, 9 H, J = 12.6 Hz, t-butyl), 1.05 (s, 9 H, t-
butyl); 13C NMR (100 MHz, CDCl3) δ (ppm) = 157.5, 135.6, 133.8, 130, 127.8, 
82.1, 70.8, 55.0, 54.5, 39.5, 37.3, 28.3, 26.8, 19.0; [α] D20.3 = -41.9 ° (0.126, 
CHCl3). IR ʋmax = 1748 (s), 1472 (s), 1105 (s); HRMS calculated for 
[C26H35NO5SiNa]+ M = 492.2177 found m/z = 492.2180. 
Trans-4-tert-butlydiphenylsiloxy-L-proline - 77 
Trans-4-OH-L-proline (1.00 g, 0.763 mmol) was added 
to acetonitrile (20 mL) and stirred. TBDPS-Cl (6.94 
mL, 0.026 mol) was added to the stirring solution and 
the reaction was cooled to 0 °C. DBU (4.22 mL, 0.028 mol) was subsequently 
added to the stirring solution and the mixture was allowed to reach room 
temperature and stirred for 24 hrs. The resulting reaction mixture was then 
extracted into hexane (4 × 30 mL). The combined hexane layers were 
combined and the solvent was removed in vacuo. The resulting oil was 
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redissolved in a methanol (32 mL), THF (18 mL), water (16 mL) and 2M 
NaOH (24 mL) mixture and allowed to stir for 90 mins at room temperature. 
The solution was then titrated to pH 6 with 2M HCl before removing the 
organic solvents under reduced pressure. To the resulting water layer an 
equal volume of Et2O was added and the biphasic mixture was allowed to 
stand for 24 h, resulting in crystals forming in the organic phase. The solid 
was filtered and washed with cold Et2O to give the silylated intermediate 77 
as white crystals (2.71 g, 0.733 mol, 96%). 1H NMR (400 MHz, CD3OD) δ 7.67-
7.64 (m, 4 H, aryl), 7.45-7.42 (m, 6 H, aryl), 4.59 (s, J = 0.27, 1 H, chiral), 4.23 
(1 H, chiral), 3.30 (dd, J = 10.8, 5.4 Hz, 1 H, N-CH2), 3.29 (dt, J = 13.5, 2.7 Hz, 1 
H, N-CH2), 2.31 (ddt, J = 13.5, 7.56, 1.88 Hz, 1 H, CH-CH2-CH), 1.93 (ddd, J = 
13.5, 9.99, 4.05 Hz, 1 H, CH-CH2-CH), 1.08 (9 H, t-butyl). Compound was 
identified by 1H NMR and was consistent with literature values.169 
1,6-di(trans- 4-tert-butlydiphenylsiloxy- N-Boc-L-prolinamide) hexane - 
145 
Trans-N-Boc-4-tert-
butlydiphenylsiloxy
-L-proline 142 
(0.714 g, 1.52 mmol) was dissolved in DCM (20 mL) and cooled to 0 °C. HOBt 
(0.049 g, 0.36 mmol) was added to the solution and the mixture was stirred 
for 5 minutes. EDCI (0.360 g, 1.89 mmol) was added to the mixture which was 
stirred for an additional 3 minutes, followed by the inroduction of 1,6-
diaminohexane 144 (0.083 g, 0.71 mmol). The mixture was allowed to reach 
room temperature and stirred for 16 h. The final reaction mixture was diluted 
with additional DCM (30 mL) and washed with 10% citric acid (3 × 30 mL), 
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saturated NaHCO3 (3 × 30 mL) and brine (1 × 30 mL). The resulting organic 
phase was dried over MgSO4 and the solvent was removed in vacuo to give the 
crude N-Boc protected diprolinamide 145. The crude mixture was purified via 
flash chromatography (1:3; EtOAc : Pet spirits) to give the pure dimer as a 
white amorphous solid (0.583 g, 0.572 mmol, 80%). Rf = 5/34 (1:3; EtOAc : 
Pet. spirits); Mp = 67 – 68 °C; 1H NMR (270 MHz, CDCl3) δ (ppm) = 7.59 – 7.25 
(m, 20H aryl), 4.39 (m, 4 H, chiral H), 3.69 – 3.42 (m, 4 H, CH-CH2-CH), 3.17 
(br s, 4 H, CO-NH-CH2), 2.39 – 1.97 (br m, 4 H, N-CH2), 1.43 (s, 18 H, t-butyl), 
1.40 (br, 4 H, alkyl), 1.24 (br, 4 H, alkyl), 1.02 (s, 18 H, t-butyl), 2 × NH not 
observed; 13C NMR (100 MHz, CDCl3) δ (ppm) = 172.58, 156.26, 135.72, 
135.66, 129.94, 127.86, 80.52, 71.62, 71.12, 58.9, 55.18, 40.24, 39.21, 37.23, 
28.42, 26.89, 26.31, 19.15. [α] D20.7 = -49 ° (c = 0.051, CHCl3); IR ʋmax = 1662 
(s), 1472 (s); HRMS calculated for [C52H82N4O8Si2Na]+ M = 1041.5563 found 
m/z = 1041.5557. 
1,6-di(trans-4-tert-butlydiphenylsiloxy-L-prolinamide)hexane - 158 
N-Boc protected 
diprolinamide 145 
(0.318 g, 0.312 
mmol) was solvated in DCM (18 mL) and stirred. To the stirring solution was 
added TFA (2 mL) to bring the solution to a 10 vol.% concentration of 
TFA/DCM. The solution was stirred for 16 h under an inert atmosphere at 
room temperature. The final mixture was quenched with saturated NaHCO3 
(50 mL) and extracted into DCM (3 × 30 mL). The combined organic phase 
was then washed with additional NaHCO3 (3 × 30 mL) and the organic phase 
was dried over MgSO4. The solvent was removed in vacuo to give an opaque 
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oil. Residual solvent was azeotroped with Et2O to give the final organocatalyst 
158 as an amorphous pale brown solid (0.253 g, 0.309 mmol, 99%). Rf = ¼ 
(100% EtOAc); Mp = 60 – 61 °C; 1H NMR (270 MHz, CDCl3) δ (ppm) = 7.60 (br 
m, 8 H, aryl), 7.38 (br m, 12 H, aryl), 4.36 (br, 2 H, CH-O), 3.99 (t, 1 H, J = 5.7 
Hz, CH1-N), 3.14 (m, 4 H, CH2-N), 2.89 (d, 2 H, J = 11.9 Hz, N-CH2-CH), 2.58 (dd, 
2 H, J = 12.2, 2.7 Hz, CH2-NH), 2.27 (dd, 2 H, J = 12.9, 8.1, CH1-CH2-CH1), 1.7 
(ddd, 2 H, J = 12.9, 8.6, 5.6 Hz, CH1-CH2-CH1), 1,42 (m, 4 H, alkyl), 1.25 (m, 4 H, 
alkyl), 1.04 (br. s, 18 H, t-butyl), 4 × NH not observed; 13C NMR (100 MHz, 
CDCl3) δ (ppm) = 174.6, 135.7, 134.1, 129.9, 127.8, 75.1, 56.9, 55.7, 40.1, 38.7, 
29.6, 27, 26.53, 19.2; [α] D20.7 = -164.5 ° (c = 0.024, CHCl3); ʋmax = 1654 (s), 
1205 (s), 699 (s); HRMS calculated for [C48H68N4O4Si2]+ M = 819.4695 found 
m/z = 819.4688. 
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1,4-di(trans-4-tert-butlydiphenylsiloxy-N-Boc-L-prolinamide) butane - 
161 
 Trans-4-tert-
butlydiphenylsiloxy-N-
Boc-L-proline 144 
(0.295 g, 0.628 mmol) was dissolved in DCM (20 mL) and cooled to 0 °C. HOBt 
(0.02 g, 0.015 mmol) was added to the solution and the mixture was stirred 
for 5 minutes. EDCI (0.149 g, 0.078 mmol) was added to the and stirred for 3 
minutes followed by the introduction of 1,4-diaminobutane 159 (0.03 mL, 
0.295 mmol) was introduced. The mixture was allowed to reach room 
temperature and stirred for 16 h. The final reaction mixture was diluted with 
additional DCM (30 mL) and washed with 10% w/v citric acid (3 × 30 mL), 
saturated NaHCO3 (3 × 30 mL) and brine (1 × 30 mL). The resulting organic 
phase was dried over MgSO4 and the solvent was removed in vacuo to give the 
crude N-Boc protected diprolinamide 161 as a colourless oil. The crude 
mixture was purified via flash chromatography (1:3; EtOAc : Pet. spirits → 1:1; 
EtOAc : Pet. spirits) to give the pure 161 as a viscous colourless oil (0.249 g, 
0.251 mmol, 85%). Rf = 1/4 (1:1; EtOAc : Pet. Spirits); 1H NMR (400 MHz, 
CDCl3) δ (ppm) = 7.62 (m, 8 H, aryl), 7.40 (m, 12 H, aryl), 4.40 (br, 4 H, chiral), 
3.72 (br, 2 H, CH1-CH2-NH), 3.43 (br, 2 H, , CH1-CH2-NH), 3.23 (br, 4H CO-NH-
CH2), 2.22 (br, 2 H, CH1-CH2), 1.88 – 1.76 (br. m, 2 H, CH1-CH2), 1.43 (br, 18 H, 
O-t-butyl), 1.25 (br, 4 H, alkyl), 1.03 (br, 18 H, Si-t-butyl), 2 × NH not 
observed; 13C NMR (100 MHz, CDCl3) δ (ppm) = 172.04, 155.97, 135.70, 
133.59, 129.94, 127.85, 71.03, 60.47, 59.07, 55.20, 40.22, 38.89, 37.66, 28.43, 
26.91, 19.16; [α]D22.2 = -30.8 ° (c = 0.00089, CHCl3); IR ʋmax = 2930 (m), 1660 
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(s), 1105 (s), 700 (s); HRMS calculated for [C56H79N4O8Si2]+ M = 991.5431 
found m/z = 991.53809. 
1,4-di( trans-4-tertbutlydiphenylsiloxy-L-prolinamide) butane - 162 
 N-Boc protected 
diprolinamide 161 
(0.394 g, 0.398 mmol) 
was dissolved in DCM (18 mL) and stirred. To the stirring solution was added 
TFA (2 mL) to bring the solution to a 10 vol.% concentration of TFA/DCM. 
The solution was stirred for 16 h under an inert atmosphere at room 
temperature. The final mixture was quenched with saturated NaHCO3 (50 
mL) and extracted into DCM (3 × 30 mL). The combined organic phase was 
then washed with additional NaHCO3 (3 × 30 mL) and the organic phase was 
dried over MgSO4. The solvent was removed in vacuo to give an opaque oil. 
Residual solvent was azeotroped with Et2O to give the final organocatalyst 
162 as an amorphous pale brown solid (0.309 g, 0.39 mmol, 98%). Rf = 1/8 
(1:9; MeOH : EtOAc); Mp = 205.5 – 207 °C; 1H NMR (400 MHz, CDCl3) δ (ppm) 
= 7.61 (m, 8 H, aryl), 7.36 (m, 12 H, aryl), 4.35 (br, 2 H, CH1-O), 4.00 (t, 2 H, J = 
8.4 Hz, CH1-N), 3.14 (m, 4 H, CO-NH-CH2), 2.90 (d, 2 H, J = 12.1 Hz, CH2-NH), 
2.58 (d, 2 H, J = 12.1 Hz, CH2-NH), 2.26 (m, 2 H, CH-CH2-CH), 1.70 (ddd, 2 H, J = 
13.6, 8.4, 4.8 Hz, CH-CH2-CH), 1.45 (br, 4 H, alkyl), 1.04 (br, 18 H, t-butyl), 4 × 
NH not observed; 13C NMR (100 MHz, CDCl3) δ (ppm) = 173.7, 135.8, 133.2, 
129.9, 127.9, 71.8, 65.9, 59.4, 51.9, 38.9, 26.7, 19, 15.4; [α]D23.3 = -37.6 ° (c = 
0.0025, CHCl3); IR ʋmax =  2925 (m), 1624 (s) 698 (s); HRMS calculated for 
[C46H63N4O8Si2]+ M = 791.4382 found m/z = 791.4395. 
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1,12-di(trans -4-tert-butlydiphenylsiloxy-N-Boc -L-prolinamide)            
dodecane  - 163 
 
Trans-4-tert-butlydiphenylsiloxy-N-Boc-L-proline 142 (0.300 g, 0.639 mmol)) 
was dissolved in DCM (25 mL) and cooled to 0 °C. HOBt (0.021 g, 0.153 mmol) 
was added to the solution and the mixture was stirred for 5 minutes. EDCI 
(0.153 g, 0.792 mmol) was added to the mixture and stirred for 3 minutes 
followed by the introduction of 1,12-diaminododecane 160 (0.06 g, 0.30 
mmol). The mixture was allowed to reach room temperature and stirred for 
16 h. The final reaction mixture was diluted with additional DCM (30 mL) and 
washed with 10% w/v citric acid (3 × 30 mL), saturated NaHCO3 (3 × 30 mL) 
and brine (1 × 30 mL). The resulting organic phase was dried over MgSO4 and 
the solvent was removed in vacuo to give crude N-Boc protected 
diprolinamide as colourless oil. The crude compound was purified via flash 
chromatography (1:3; EtOAc : Pet spirits) to give the pure N-Boc protected 
dimer 163 as a viscous colourless oil (0.139 g, 0.127 mmol, 42%). Rf =1/3 
(1:1; EtOAc : Pet. Spirits); 1H NMR (400 MHz, CDCl3) δ (ppm) = 7.62 (m, 8 H, 
aryl), 7.38 (m, 12H aryl), 4.41 – 4.32 (br. m, 4 H, chiral), 3.71 (br, 2 H, NH-
CH2), 3.44 (br, 2 H, NH-CH2), 3.16 (4 H, NH-CH2), 2.31 (br, 2 H, CH-CH2-CH), 
2.06 – 1.94 (br. m, 2 H, CH-CH2-CH), 1.42 (br, 18 H, O-t-butyl), 1.25 (br, 20 H, 
alkyl), 1.04 (br, 18 H, Si-t-butyl), 2 × NH not observed; 13C NMR (100 MHz, 
CDCl3) δ (ppm) = 171.44, 156.45, 135.67, 133.57, 129.94, 127.85, 70.99, 
60.58, 58.85, 55.16, 40.20, 39.44, 36.98, 32.00, 29.76, 29.60, 29.35, 28.42, 
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26.91, 19.16.; [α]D24.6 = -46.7 ° (c = 0.00033, CHCl3); IR ʋmax = 2927 (s), 11656 
(s), 700 (s); HRMS calculated for [C64H95N4O8Si2]+ M = 1103.6683 found m/z = 
1103.6999. 
1,12-di(trans-4-tertbutlydiphenylsiloxy-L-prolinamide)dodecane - 164 
  
N-Boc protected diprolinamide 163 (0.16 g, 0.0145 mmol) was dissolved in 
(18 mL) and stirred. To the stirring solution was added TFA (2 mL) to bring 
the solution to a 10 vol.% concentration of TFA/DCM. The solution was 
stirred for 16 h under an inert atmosphere at room temperature. The final 
mixture was quenched with saturated NaHCO3 (50 mL) and extracted into 
DCM (3 × 30 mL). The combined organic phase was then washed with 
additional NaHCO3 (3 × 30 mL) and the organic phase was dried over MgSO4. 
The solvent was removed in vacuo to give a pale yellow oil. Residual solvent 
was azeotroped with Et2O to give the final organocatalyst 164 as a viscous 
pale yellow oil (0.13 g, 0.144 mmol, 99%). Rf = 2/3 (1:9; MeOH :  EtOAc); 1H 
NMR (270 MHz, CDCl3) δ (ppm) = 7.59 ( br m, 8 H, aryl), 7.38 (m, 12 H, aryl), 
4.36 (br, 2 H, CH-O), 4.09 (t, 2 H, J = 8.4 Hz, CH-N), 3.14 (m, 4 H, NH-CH2), 2.94 
(d, 2H J = 11.9 Hz, CH2-NH), 2.65 (dd, 2 H, J =  11.9, 3.32 Hz,  CH2-NH), 2.27 (m, 
2 H, CH-CH2-CH), 1.76 (ddd, 2 H, J = 13.2, 8, 4.4 Hz, CH-CH2-CH), 1.41 (br, 4 H, 
alkyl), 1.21 (br, 16 H, alkyl), 1.03 (br, 18 H, t-butyl), 4 × NH not observed; 13C 
NMR (100 MHz, CDCl3) δ (ppm) = 173.9, 135.7, 133.9, 133.6, 129.1, 127.8, 
74.6, 65.9, 59.8, 55.5, 39.7, 39.03, 29.62, 29.52, 29.247, 26.7, 19.1; [α]D24.3 = -
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12.8 °(0.00113, CHCl3); IR ʋmax = 2927 (s), 1658 (s), 1105 (s), 700 (s); HRMS 
calculated for [C54H79N4O8Si2]+ M = 903.5634 found m/z = 903.56196. 
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8.3 Organocatalysed Aldol Reactions 
8.3.1.  Representative Syntheses for Aldol Racemates  
Procedure A: A solution of NaOH (1 mL, 10M) was added to water (15 mL) 
and stirred. Ketone (0.28 mL, 2.7 mol, 5 eq.) was added and the solution was 
stirred for 1 minute followed by the addition of aryl aldehyde (0.6 mL, 0.54 
mmol, 1 eq.). The solution was stirred for 3 h. whereupon the mixture was 
extracted into CHCl3 (3 × 20 mL) and the combined organic phase was dried 
with MgSO4 and the solvent was removed in vacuo to afford the crude aldol 
product. The racemic mixture was isolated via flash chromatography (1:3; 
EtOAc : Petroleum spirits). 
Procedure B: Pyrrolidine (0.44 mL, 0.53 mmol, 1 equiv.) was added CHCl3 (3 
mL), followed by ketone (0.223 mL, 2.65 mmol, 5 eq.), aldehyde (80 mg, 0.53 
mmol, 1 equiv.) and benzoic acid (20 mg, 0.16 mmol, 0.3 eq.). The solution 
was stirred at room temperature for 16 h and the resulting crude mixture was 
diluted with CHCl3 (10 mL) and washed with 2M HCl (2 × 10 mL) and 
saturated NaHCO3 (2 × 10 mL). The organic phase was dried with MgSO4 and 
the solvent was removed in vacuo to afford the crude aldol product. The 
racemic mixture was analysed by chiral HPLC without purification. 
8.3.2.  Representative Organocatalysed Aldol Reaction 
Water (1.6 mL) was added to a round-bottom flask charged with 
benzaldehyde (37 mg, 0.244 mmol, 1 equiv.), ketone (0.127 mL, 1.22 mmol, 5 
equiv.) and catalyst 158 (24 mmol, 2 mg, 1 mol%). The emulsion was then 
stirred vigorously at room temperature for 24 h. The resulting mixture was 
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extracted with CH2Cl2 (3 × 10 mL) and the combined organic phase was 
washed with 10 w/w% citric acid (10 mL) and dried over MgSO4. The solvent 
was removed under vacuum to give the crude product. Analysis by 1H NMR 
spectroscopy was used to determine the desired product, reaction conversion 
and the diastereomeric ratio. In the case of conversions <20%, the crude 
product was purified by silica gel column chromatography before analysis by 
chiral HPLC (Chiral Pak AD-H, n-hexane : 2-propanol, 9:1, 1 mL/min-1) in 
order to determine the enantiomeric excess of the anti diastereomer. Note 
that all chiral compounds were separated via chiral HPLC and retention times 
were compared to their corresponding racemates. 
8.3.3.  Aldol Products 
2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166 
1H NMR (270 MHz, CDCl3) δ (ppm) = 8.194 (dq, 2 H, J = 8.9, 1.9 Hz, aryl), 7.49 
(dt, 2 H, J = 3.8, 1.9 Hz, aryl), 5.47 (d, 1H syn, J = 2.7 Hz, CH-OH), 4.88 (d, 1H 
anti, J = 8.4 Hz, CH-OH), 4.06 (br s, 1H OH), 2.64 – 2.37 (m, 2H alkyl), 2.09 (m, 
1 H, alkyl), 1.70 (m, 2 H, alkyl), 1.65 – 1.49 (m, 3 H, alkyl), 1.37 (dt, 1 H, J = 9.7, 
3.5 Hz, alkyl). Compound was identified though correlation to published 
spectra.185 
2-[Hydroxy-(3-nitro-phenyl)-methyl]-cyclohexanone - 182 
1H NMR (270 MHz, CDCl3) δ (ppm) = 8.24 – 8.10 (br. m, 2 H, aryl), 7.65 (ddt, 1 
H, J = 7.8, 1.4, 0.5 Hz, aryl), 7.50 (t, 1 H, J = 7.8 Hz, aryl), 5.45 (br, 1H syn, CH-
OH), 4.87 (d, 1H anti, J = 8.4 Hz, CH-OH), 4.11 (br. s, 1 H, OH), 2.68  – 2.36 (m, 
2H alkyl), 2.16 – 2.03 (m, 1 H, alkyl), 1.70 (m, 2 H, alkyl), 1.65 – 1.49 (m, 3 H, 
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alkyl), 1.45 – 1.27 (m, 1 H, alkyl). Compound was identified though correlation 
to published spectra.185 
2-[Hydroxy-(2-nitro-phenyl)-methyl]-cyclohexanone - 183 
1H NMR (270 MHz, CDCl3) δ (ppm) = 7.79 – 7.76 (br. m, 1 H, aryl), 7.74 (t, 1 H, 
J = 1.6 Hz, aryl), 7.62 (td, 1 H, J = 7.4, 1.4 Hz, aryl), 7.14 (ddd, 1 H, J = 8.1, 1.4, 
0.8 Hz, aryl), 5.94 (br. 1H syn, CH-OH), 5.43 (d, 1H anti, J = 5.4 Hz, CH-OH), 
4.18 (br. s, 1 H, OH), 2.81  – 2.67 (m, 1H alkyl), 2.39 – 2.23 (m, 1 H, alkyl), 2.15 
– 2.01 (m, 1 H, alkyl), 1.89 – 1.79 (m, 1 H, alkyl), 1.77 – 1.50 (m, 5 H, alkyl). 
Compound was identified though correlation to published spectra.126 
2-[Hydroxy-(phenyl)-methyl]-cyclohexanone - 3 
1H NMR (270 MHz, CDCl3) δ (ppm) = 7.38 – 7.23 (br. m, 5 H, aryl), 5.37 (d, 1H 
syn, J = 2.4 Hz, CH-OH), 4.77 (d, 1H anti, J = 8.9 Hz, CH-OH), 3.95 (br. s, 1 H, 
OH),  2.67 – 2.53 (m, 1 H, alkyl), 2.51 – 2.36 (m, 1 H, alkyl), 2.06 (dq, 1 H, J = 
12.7, 2.7 Hz, alkyl), 1.77 – 1.65 (br. m, 3 H, alkyl), 1.60 – 1.46 (m, 2 H, alkyl), 
1.37 – 1.17 (m, 1 H, alkyl). Compound was identified though correlation to 
published spectra.126 
2-[Hydroxy-(4-fluoro-phenyl)-methyl]-cyclohexanone - 184 
1H NMR (400 MHz, CDCl3) δ (ppm) = 7.31 – 7.23 (m, 2 H, aryl), 7.06 – 6.98 (m, 
2 H, aryl), 5.35 (br. 1H syn, CH-OH), 4.76 (d, 1H anti, J = 8 Hz, CH-OH), 4.00 (br. 
s, 1 H, OH),  2.61 – 2.52 (m, 1 H, alkyl), 2.51 – 2.42  (m, 1 H, alkyl), 2.41 – 2.30 
(m, 1 H, alkyl), 2.14 – 2.04 (m, 1 H, alkyl), 1.89 – 1.75 (br. m, 1 H, alkyl), 1.73 – 
1.62 (m, 2 H, alkyl), 1.57 – 1.48 (m, 2 H, alkyl), 1.34 – 1.27 (m, 1 H, alkyl). 
Compound was identified though correlation to published spectra.292 
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2-[Hydroxy-(4-bromo-phenyl)-methyl]-cyclohexanone - 185 
1H NMR (270 MHz, CDCl3) δ (ppm) = 7.46 (dt, 2 H, J = 8.4, 1.9 Hz, aryl), 7.19 
(dt, 2 H, J = 8.1, 1.6 Hz, aryl), 5.32 (d, 1H syn, J = 4.9 Hz, CH-OH), 4.73 (d, 1H 
anti, J = 8.9 Hz, CH-OH), 3.97 (br. s, 1 H, OH),  2.61 – 2.40 (m, 2 H, alkyl), 2.39 – 
2.25 (m, 2 H, alkyl), 2.15 – 2.00 (m, 1 H, alkyl), 1.84 – 1.44 (m, 3 H, alkyl), 1.55 
– 1.33 (m, 1 H, alkyl). Compound was identified though correlation to 
published spectra.185 
2-[Hydroxy-(2,4-trifluoromethyl-phenyl)-methyl]-cyclohexanone - 186 
1H NMR (400 MHz, CDCl3) δ (ppm) = 7.95 – 7.79 (m, 3 H, aryl), 5.85 (s, 1H syn, 
CH-OH), 5.33 (dd, 1H anti, J = 5.7, 0.8 Hz, CH-OH), 3.92 – 3.39 (br. 1 H, OH), 
2.72 (q, 0.5 H, J = 8.0 Hz, alkyl), 2.58 (dd, 0.5 H, J = 12.0, 3.2 Hz, alkyl), 2.54 – 
2.44 (m, 1 H, alkyl), 2.43 – 2.30 (m, 1  H, alkyl), 2.15 – 2.05 (m, 1 H, alkyl), 1.93 
– 1.75 (m, 1 H, alkyl), 2.74 – 1.60 (m, 1 H, alkyl), 1.57 – 1.47 (m, 1 H, alkyl), 
1.44 – 1.33 (m, 1 H, alkyl). Compound was identified though correlation to 
published spectra.293 
2-[Hydroxy-(2,3,4,5,6-fluoro-phenyl)-methyl]-cyclohexanone - 187 
1H NMR (270 MHz, CDCl3) δ (ppm) = 6.76 (s, 1H syn, CH-OH), 5.29 (dd, 1H 
anti, J = 9.7, 3.2 Hz, CH-OH), 3.90 (d, 1 H, J = 3.2 Hz, OH), 2.98 (tt, 1 H, J = 8.9, 
5.4 Hz alkyl), 2.56 – 2.49 (m, 1 H, alkyl), 2.45 – 2.29 (br. m, 1 H, alkyl), 2.19 – 
2.05 (m, 1 H, alkyl), 1.93 – 1.77 (m, 1 H, alkyl), 1.72 – 1.51 (br. m, 3 H, alkyl), 
1.33 (td, 1 H, J = 12.9, 3.8 Hz, alkyl). Compound was identified though 
correlation to published spectra.294 
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2-[Hydroxy-(biphenyl)-methyl]-cyclohexanone - 188 
1H NMR (400 MHz, CDCl3) δ (ppm) = 7.61 – 7.55 (m, 3 H, aryl), 7.51 – 7.31 (m, 
6 H, aryl), 5.43 (d, 1H syn, J = 2.4 Hz, CH-OH), 4.84 (d, 1H anti, J = 8.8 Hz, CH-
OH), 4.01 (br. s, 1 H, OH), 2.66 (ddd, 1 H, J = 8.8, 4.4, 1.6 Hz, alkyl), 2.53 – 2.46 
(m, 1 H, alkyl), 2.37 (tdd, 1 H, J = 12.4, 6.4, 0.8), 2.15 – 2.05 (m, 1 H, alkyl), 1.85 
– 1.77 (m, 1 H, alkyl), 1.71 – 1.61 (m, 2 H, alkyl), 1.55 (tt, 1 H, J =  12.4, 3.2 Hz, 
alkyl), 1.36 (qd, 1 H, J = 12.8, 4, alkyl). Compound was identified though 
correlation to published spectra.295 
2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclopentanone - 189 
1H NMR (270 MHz, CDCl3) δ (ppm) = 8.211 – 8.14 (m, 2 H, aryl), 7.50 (dd, 2 H, 
J = 10.8, 2.7 Hz, aryl), 5.38 (d, 1H syn, J = 2.7 Hz, CH-OH), 4.79 (d, 1H anti, J = 
11.9 Hz, CH-OH), 4.71 (br. s, 1 H, OH) 2.82 – 2.69 (m, 1 H, alkyl), 2.57 – 2.24 
(m, 2 H, alkyl), 2.08 – 1.97 (m, 1 H, alkyl), 1.81 – 1.66 (m, 3 H, alkyl). 
Compound was identified though correlation to published spectra.296 
2-[Hydroxy-(3-nitro-phenyl)-methyl]-cyclopentanone - 190 
1H NMR (400 MHz, CDCl3) δ (ppm) = 8.22 (t, 1 H, J = 1.6 Hz, aryl), 8.11 (ddq, 1 
H, J = 8.4, 2.4, 0.4 Hz, aryl), 7.678 (dd, 1 H, J = 7.6, 0.4 Hz, aryl), 7.52 (dt, 1 H, J = 
3.2, 8 Hz, aryl), 5.41 (d, 1H syn, J = 2.8 Hz, CH-OH), 4.82 (d, 1H anti, J = 9.2 Hz, 
CH-OH), 2.54 – 2.32 (m, 2 H, alkyl), 2.22 – 2.09 (m, 1 H, alkyl), 2.07 – 1.91 (m, 
2 H, alkyl), 1.80 – 1.63 (m, 2 H, alkyl). Compound was identified though 
correlation to published spectra.296 
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2-[Hydroxy-(2-nitro-phenyl)-methyl]-cyclopentanone - 191 
1H NMR (400 MHz, CDCl3) δ (ppm) = 7.98 (dd, 1 H, J = 8.4, 1.2 Hz, aryl), 7.88 
(ddd, 1 H, J = 8, 1.2, 0.4 Hz, aryl), 7.68 – 7.62 (m, 1 H, aryl), 7.43 (t, 1 H, J = 6.8 
Hz, aryl), 5.80 (d, 1H syn, J = 10.4 Hz, CH-OH), 5.44 (d, 1 H, J = 7.2 Hz, CH-OH), 
2.75 (tdd, 1 H, J = 5.6, 5.6, 0.8 Hz, alkyl), 2.48 – 2.41 (m, 1 H, alkyl), 2.33 (tdd, 1 
H, J = 13.2, 6.4, 1.2 Hz, alkyl), 2.13 – 2.04 (m, 1 H, alkyl), 1.88 – 1.80 (m, 1 H, 
alkyl), 1.74 – 1.60 (m, 2 H, alkyl). Compound was identified though correlation 
to published spectra.296 
2-[Hydroxy-(phenyl)-methyl]-cyclopentanone - 192 
1H NMR (400 MHz, CDCl3) δ (ppm) = 7.37 – 7.29 (m, 5 H, aryl), 5.30 (d, 1H syn, 
J = 3.2 Hz, CH-OH), 4.70 (d, 1H anti, J = 9.2 Hz, CH-OH), 2.49 – 2.35 (m, 2 H, 
alkyl), 2.29 – 2.22 (m, 1 H, alkyl), 2.18 – 2.05 (m, 1 H, alkyl), 1.86 – 1.76 (m, 1 
H, alkyl), 1.63 – 1.45 (m, 2 H, alkyl). Compound was identified though 
correlation to published spectra.297 
2-[Hydroxy-(4-fluoro-phenyl)-methyl]-cyclopentanone - 193 
1H NMR (270 MHz, CDCl3) δ (ppm) = 7.34 – 7.24 (m, 2 H, aryl), 7.06 – 6.96 (m, 
2 H, aryl), 5.26 (t, 1H syn, J = 3.8 Hz, CH-OH), 4.67 (d, 1H anti, J = 8.9 Hz, CH-
OH), 2.48 – 2.34 (m, 1 H, alkyl), 3.09 (br. s, 1 H, OH),  2.31 – 2.047 (m, 1 H, 
alkyl), 2.05 – 1.89 (m, 2 H, alkyl), 1.85 – 1.64 (m, 2 H, alkyl), 1.53 – 1.38 (m, 1 
H, alkyl). Compound was identified though correlation to published spectra.292 
2-[Hydroxy-(4-bromo-phenyl)-methyl]-cyclopentanone - 194: 
1H NMR (400 MHz, CDCl3) δ (ppm) = 7.41 (dq, 2 H, 4, 1.6 Hz, aryl), 7.17 (dq, 2 
H, J = 8.8, 2 Hz, aryl), 5.20 (d, 1H syn, J = 2.8 Hz, CH-OH), 4.64 (d, 1H anti, J = 
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8.8 Hz, CH-OH), 3.04 (br. s, 1 H, OH), 2.42 – 2.31 (m, 2 H, alkyl), 2.24 -2.15 (m, 
1 H, alkyl),  2.11 – 2.01 (m, 1 H, alkyl), 1.78 – 1.59 (m, 3 H, alkyl), 1.50 – 1.37 
(1 H, alkyl). Compound was identified though correlation to published 
spectra.296 
2-[Hydroxy-(2,4-trifluoromethyl-phenyl)-methyl]-cyclopentanone - 195: 
Product was a pale yellow viscous oil. Rf = 1/2 (1:3; EtOAc : Pet. Spirits); 1H 
NMR (400 MHz, CDCl3) δ (ppm) = 7.98 (d, 1 H, J = 8.4 Hz, aryl), 7.88 (s, 1 H, 
aryl), 7.83 (d, 1 H, J = 8.0 Hz, aryl), 5.77 (s, 1H syn, CH-OH), 5.19 (d, 1H anti, J = 
9.2 Hz, CH-OH), 4.67 (s, 1 H, OH), 2.63 – 2.25 (m, 3 H, alkyl), 2.22 – 1.93 (m, 1 
H, alkyl), 1.82 – 1.57 (m, 2 H, alkyl), 1.56 – 1.41 (m, 1 H, alkyl); 13C NMR (100 
MHz, CDCl3) δ (ppm) reported for anti diastereomer = 222.4, 144.21, 130.5 
(dq, J = 54.8, 33.3 Hz), 129.6 (d, J = 77.1 Hz), 129.0 (dq J = 61.7, 3.6 Hz), 128.7 
(q, J = 30.9 Hz), 127.5 – 127.1(m), 125.0 – 124.7 (m), 123.2 – 122.7 (m), 122.2 
– 122.0 (m), 69.3, 55.1, 38.6, 26.4, 20.5; IR ʋmax = 3492 (w), 2924 (m), 1732 
(m), 1125 (s), HRMS calculated for [C14H12F6NaO2 ]+ M = 349.0634 found m/z 
= 349.06184. 
2-[Hydroxy-(biphenyl)-methyl]-cyclopentanone - 196 
1H NMR (400 MHz, CDCl3) δ (ppm) = 7.62 – 7.55 (m, 3 H, aryl), 7.47 – 7.38 (m, 
5 H, aryl), 5.35 (d, 1H syn, J = 3.2 Hz, CH-OH), 4.76 (d, 1H anti, J = 9.2 Hz, CH-
OH), 4.59 (br. s, 1 H, OH), 2.54 – 2.37 (m, 2 H, alkyl), 2.33 – 2.10 (m, 1 H, alkyl), 
2.08 – 1.95 (m, 2 H, alkyl), 2.06 – 1.94 (m, 1 H, alkyl), 1.92 – 1.84 (m, 1 H, 
alkyl), 1.82 – 1.68 (m, 1 H, alkyl), 1.61 – 1.50 (m, 1 H, alkyl). Compound was 
identified though correlation to published spectra.298 
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8.4 Isoindolinones 
Methyl-2-formylbenzoate - 227 
Iodomethane (4.122 mL, 0.067 mol) was added to a stirring 
solution of 2-carboxybenzoic acid (5 g, 0.033 mol) and K2CO3 
(2.53 g, 18 mmol) in DMF (20 mL). The resulting solution was refluxed for 4 h 
whereupon the solution was quenched with cold deionised water (100 mL). 
The solution was washed with 2M HCl (3 × 30 mL) and extracted into DCM (3 
× 75 mL) and the combined organic phase was washed dried with MgSO4 and 
the solution was concentrated in vacuo. The concentrated crude product was 
the decolourised over activated charcoal and filtered after which the solvent 
was removed under vacuum to give methyl ester 227 as a pale yellow oil 
(3.316 g, 0.02 mol, 62%). 1H NMR (270 MHz, CDCl3) δ (ppm) = 10.61 (s, 1 H, 
CHO), 8.04 – 7.85 (m, 2 H, aryl), 7.70 – 7.62 (m, 2 H, aryl), 3.97 (s, 3 H, CH3). 
Compound was identified though correlation to published spectra.250 
General procedure for 164 catalysed isoindolinone synthesis (example 
provided for aniline based product 239). 
Methyl-2-formylbenzoate 227 (22.1 μL, 0.22 mmol, 1 eq.) and aniline (21 .0 
μL, 0.22 mmol, 1 eq.) were gently stirred in a round bottom charged with 
catalyst 164 (5 mg, 5.5 × 10-3 mmol, 0.025 eq.) for 10 minutes. Cyclohexanone 
2 (0.115 mL, 1.107 mmol) was added and the solution and gently stirred until 
reagents were completely dissolved. Water (1.6 mL) was added and the 
resulting reaction mixture was vigorously stirred for 24 h. The final solution 
was diluted with CHCl3 (10 mL) and washed with 10% w/w aqueous citric 
acid (2 mL). The mixture was extracted into CHCl3 (3 × 5 mL) and the 
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combined organic phase was dried over MgSO4. Removal of the solvent in 
vacuo followed by purification by column chromatography (1:4;  EtOAc : Pet. 
Spirits) gave the chiral isoindolinones 239 - 243. Enantiomeric excess was 
determined by chiral HPLC (Chiral Pak AD- H, n-hexane : 2-propanol, 9:1, 1 
mL-1min-1), with retention times compared to corresponding racemates.  
2-phenyl-3-(2-oxocyclohexyl)isoindolin-1-one - 239 
Product was an off-white solid. Rf = 1/3 (1:4; EtOAc : Pet. 
Spirits); Mp = 76.8 – 77.3 °C; 1H NMR (500 MHz, CDCl3) δ 
(ppm) = 7.84 (d, 1 H, J = 7.5 Hz, aryl), 7.51 – 7.46 (m, 3 H, 
aryl), 7.44 – 7.36 (m, 4 H, aryl), 7.19 (t, 1 H, J = 9.0 Hz, 
aryl) 5.95 (d, 1 H, J = 2.5  H, CH-N), 2.78 (dddd, 1 H, J = 13.0, 6.0, 1.5, 1.0 Hz, 
alkyl),  2.48 – 2.40 (m, 1 H, alkyl), 2.22 (td, 1 H, J = 14.5, 7.5 Hz, alkyl), 1.94 – 
1.86 (m, 1 H, alkyl), 1.55 – 1.48 (m, 1 H, alkyl), 1.46 – 1.23 (m, 2 H, alkyl), 0.76 
– 0.64 (m, 1 H, alkyl); 13C NMR (126 MHz, CDCl3) δ (ppm) 211.10, 167.40, 
142.87, 162.51, 132.97, 132.12, 129.41, 128.50, 125.83, 124.45, 124.04, 
123.61,, 59.68, 50.66, 42.00, 26.31, 25.24, 24.09; IR ʋmax = 2937 (m), 1681 (s), 
1384 (m), 760 (s), 700 (s); HRMS calculated for [C20H20NO2]+= 306.1489, 
found 306.1494. 
2-(4-Methoxyphenyl)-3-(2-oxocyclohexyl)isoindolin-1-one - 241 
Product was a pale brown solid. 1H NMR (270 MHz, 
CDCl3) δ (ppm) = 7.88 (dt, 1 H, J = 6.5, 2.2 Hz, aryl), 
7.55 – 7.44 (m, 3 H, aryl), 7.41 (dt, 2 H, J = 9.2, 2.14 
Hz, aryl), 6.98 (dt, 2 H, J = 9.2, 2.4 Hz, aryl), 6.58 (d, 1 
H, J = 2.7 Hz, CH-N), 3.83 (s, 3 H, OCH3), 2.79 (dddd, 1 H, J = 8.6, 5.9, 2.7, 1.1 
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Hz, alkyl), 2.55 - 2.43 (m, 1 H, alkyl), 2.34 – 2.17 (m, 1 H, alkyl), 1.74 – 1.64 (m, 
1 H, alkyl), 1.63 – 1.51 (m, 1 H, alkyl), 1.49 – 1.32 (m, 2 H, alkyl), 0.89 – 0.66 
(m, 1 H, alkyl); Compound was identified though correlation to published 
spectra.242 
2-(4-Chlorophenyl)-3-(2-oxocyclohexyl)isoindolin-1-one - 242 
Product was an opaque brown oil.  1H NMR (400 MHz, 
CDCl3) δ (ppm) = 7.62 – 7.46 (m, 7 H, aryl), 7.45 – 
7.39 (m, 1 H, aryl), 6.01 (d, 1 H, J = 2.4 Hz, CH-N), 5.98 
(d, 1 H, J = 2.4 Hz, CH-N), 2.81 (ddd, 1 H, J = 12.8, 7.2, 
2.4 Hz, CO-CH), 2.03 – 1.95 (m, 1 H, alkyl), 2.57 – 2.33 (m, 2 H, alkyl), 2.04 – 
1.95 (m, 1 H, alkyl), 1.75 – 1.65 (m, 1 H, alkyl), 1.50 – 1.47 (m, 2 H, alkyl), 0.73 
(ddd, 1 H, J = 26, 13.2, 4 Hz, alkyl); HRMS calculated for [C20H19ClNO2]+ = 
340.1099 found m/z =  340.1100 Structure was confirmed via the presence of 
key peaks at δ = 6.01 and 2.81 ppm corresponding to two generates 
stereocentres identified by 2D NMR analysis of 238 (Appendix C). 
2-(4-Cyanophenyl)-3-(2-oxocyclohexyl)isoindolin-1-one - 243 
Product was a colourless oil. 1H NMR (400 MHz, 
CDCl3) δ (ppm) = 8.11 – 8.09 (m, 1 H, aryl), 7.93 – 
7.84 (ddd, 2 H, J = 16.8, 7.6, 1.6 Hz, aryl), 7.80 – 7.71 
(m, 2 H, aryl), 7.65 – 7.55 (m, 1 H, aryl), 7.54 – 7.43 
(m, 3 H, aryl), 6.09 (t, 1 H, J = 3.6 Hz, CH-N), 3.26 – 3.18 (m, 0.5 H, alkyl), 2.86 
(ddd, 0.5 Hz, J = 12.8, 6.0, 2.0 Hz, alkyl), 2.58 – 2.46 (m, 1 H, alkyl), 2.45 – 4.25 
(m, 1 H, alkyl), 2.12 – 1.94 (m, 1 H, alkyl), 1.86 – 1.76 (m, 1 H, alkyl), 1.73 – 
1.33 (m, 3 H, alkyl), 0.94 – 0.68 (m, 1 H, alkyl); HRMS calculated for 
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[C20H19N2O2]+ = 331.1441 found m/z = 331.1428. Structure was confirmed via 
the presence of key peaks at δ = 6.09 and 2.86 ppm corresponding to two 
generates stereocentres identified by 2D NMR analysis of 238 (Appendix C). 
2-[(S)-1-phenylethyl]-3-(2-oxocyclohexyl)isoindolin-1-one - 244: 
Product was a pale brown solid. 1H NMR (400 MHz, 
CDCl3) δ (ppm) = 7.90 – 7.82 (m, 1 H, aryl), 7.66 – 7.60 
(m, 0.5 H, aryl), 7.56 – 7.50 (m, 2.5 H, aryl), 7.46 – 7.39 
(m, 2 H, alkyl), 7.38 – 7.28 (m, 3 H, aryl), 6.10 (d, 0.5 H, J 
= 2.8 Hz, CH-CH-N), 5.86 (q, 1 H, J = 7.2 Hz, CH-CH3), 5.46 (d, 0.5 H, J = 2.0 Hz, 
CH-CH-N), 3.27 – 3.19 (m, 0.5 H, CO-CH), 2.96 – 2.89 (m, 0.5 H, CO-CH), 2.54 – 
2.27 (m, 2 H, alkyl), 2.14 – 1.95 (m, 1 H, alkyl), 1.89 – 1.75 (m, 1 H, alkyl), 1.71 
(d, 3 H, J = 7.6 Hz, CH3), 1.67 – 1.49 (m, 1 H, alkyl), 1.40 – 1.18 (m, 1 H, alkyl), 
1.10 – 1.01 (m, 1 H, alkyl), 0.68 – 0.352 (m, 1 H, alkyl). HRMS calculated for 
[C22H24NO2]+ 334.1802 found m/z = 334.1809.  Structure was confirmed via 
the presence of key peaks at δ = 6.10 ppm and 2.96 – 2.89 ppm corresponding 
to two generates stereocentres identified by 2D NMR analysis of 238 
(Appendix C).  
8.5 Photoswitch based Organocatalysts 
2-iodooxybenzoic acid - 261 
Oxone (9.66 g, 15.7 mmol) was dissolved in deionised water 
and stirred. O-Iodobenzoic acid (3 g, 12.1 mmol) was added to 
the solution which gradually warmed to 75 °C over 20 minutes. 
The solution was allowed to stir at this temperature for 3 h. The resulting 
mixture was then cooled to 5 °C and gently stirred for 2 h. The precipitate was 
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filtered and rinsed thoroughly with deionised water (6 × 200 mL) and acetone 
(2 × 200 mL). The filtered product was dried under vacuum to give IBX 261 
as a fine white powder (2.251 g, 8.04 mmol, 66%). 1H NMR (270 MHz, DMSO-
d6) δ (ppm) = 8.04 – 7.952 (m, 2 H, aryl), 7.84 (ddd, 1 H, J = 8.1, 0.5, 0.4 Hz, 
aryl), 7.71 (m, 1 H, aryl). Compound was identified though correlation to 
published spectra.281,299 
4-Aminophenyl carbamic Acid tert-Butyl Ester - 262 
1,4-Phenylenediamine (6 g, 55.6 mmol) was added 
to a solution of NEt3 (2.86 mL, 20.4 mmol) in a 
solution of DMF (60 mL) and THF (20 mL) and cooled to 0 °C. A solution of 
Boc2O (4.04 g, 18.5 mmol) in DMF (10) and THF (30) was prepared and added 
dropwise to the phenylenediamine solution over a period of 2 h. The resulting 
solution was stirred at 21 °C for 24h whereupon cold deionised water (100 
mL) was added. The solution was then extracted into CHCl3 (3 × 50 mL) 
whereby the combined organic phase was dried over MgSO4 and concentrated 
in vacuo. The crude product was recrystallised in a solution of ET2O and Pet. 
Spirits to afford the products as a pale orange solid (2.958 g, 14.20 mmol, 
77%) 1H NMR (270 MHz, CHCl3) δ (ppm) = 7.15 (d, 2 H, J = 7.3 Hz, aryl), 6.62 
(d, 2 H, J = 9.5 Hz, aryl), 6.25 (br., s, 1 H, NH), 3.52 (s, 2 H, NH2), 1.48 (s, 9 H, t-
butyl). Compound was identified though correlation to published spectra.283  
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Appendix B:  
HPLC Separations 
Organocatalysed Aldol Reactions  
(Chapters 3 – 5) 
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Appendix B: HPLC 
 
Enantiomeric excess was determined by chiral HPLC, integrating the peak 
area of each enantiomer from the anti diastereomer. The elution times were 
compared to racemic examples synthesised through one of two methods. 
Representative Syntheses for Aldol Product Racemates (Benzaldehyde) 
Procedure A: A solution of NaOH (1 mL, 10 M) was added to water (15 mL) 
and stirred. Ketone (0.28 mL, 2.7 mol, 5 eq.) was added and the solution was 
stirred for 1 minute followed by the addition of aryl aldehyde (0.6 mL, 0.54 
mmol, 1 eq.). The solution was stirred for 3 h. whereupon the mixture was 
extracted into CHCl3 (3 × 20 mL) and the combined organic phase was dried 
with MgSO4. The racemic mixture was isolated via flash chromatography (1:3; 
EtOAc : Petroleum spirits). 
Procedure B: Pyrrolidine (0.44 mL, 0.53 mmol, 1 equiv.) was added CHCl3 (3 
mL), followed by ketone (0.223 mL, 2.65 mmol, 5 eq.), aldehyde (80 mg, 0.53 
mmol, 1 equiv.) and benzoic acid (20 mg, 0.16 mmol, 0.3 eq.). The solution 
was stirred at room temperature for 16 h whereupon the crude mixture was 
diluted with CHCl3 (10 mL) and washed with 2M HCl (2 × 10 mL) and 
saturated NaHCO3 (2 × 10 mL). The organic phase was dried with MgSO4. The 
racemic mixture was analysed by chiral HPLC without purification. 
Structures of racemates were confirmed through correlation to reported 1H 
NMR spectra.  
 
 283 
 
[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166 
 
Racemate 
 
 
Table 10, entry 3 (20 mol%, 6h) 
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2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166
 
Table 10, entry 4 (5 mol%, 24 h) 
 
 
Table 10, entry 5 (1 mol%, 24 h) 
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2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166
 
Table 10, entry 6 (0.5 mol%, 24 h) 
 
 
Table 10, entry 7 (0.1 mol%, 24 h) 
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2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166
 
Table 21, entry 2 (Tap water) 
 
 
Table 21, entry 3 (NaF) 
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2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166
 
Table 21, entry 4 (NaCl) 
 
 
Table 21, entry 5 (NaBr) 
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2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166
 
Table 21, entry 6 (NaI) 
 
 
Table 21, entry 7 (NaOAc) 
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2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166
  
Table 21, entry 8 (KF) 
 
 
Table 21, entry 9 (KCl) 
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2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166
  
Table 21, entry 10 (KBr) 
 
 
Table 21, entry 11 (KI) 
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2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166
  
Table 21, entry 12 (MgCl2) 
 
 
Table 21, entry 13 (CaCl2) 
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2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166
  
Table 22, entry 3 (NiCl2) 
 
 
Table 22, entry 4 (FeCl3) 
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2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166
  
Table 22, entry 5 (Zn2OAc) 
 
 
Table 23, entry 5 (5% w/w EDTA in tap water) 
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2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166
  
Table 25, entry 2 (1 mol% 162) 
 
 
Table 26, entry 2 (1 mol% 164) 
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2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclohexanone - 166
  
Table 29, entry 2, (1 mol% 162, Neat) 
 
 
Table 30, entry 2, (1 mol% 164, Neat) 
 
 
 
 296 
 
2-[Hydroxy-(3-nitro-phenyl)-methyl]-cyclohexanone - 182
  
Racemic 
 
 
Table 15, entry 2 (1 mol% 158) 
 
 
 297 
 
2-[Hydroxy-(3-nitro-phenyl)-methyl]-cyclohexanone - 182
  
Table 25, entry 3 (1 mol% 162) 
 
 
Table 28 entry 3 (1 mol% 164) 
 
 
 
 298 
 
2-[Hydroxy-(2-nitro-phenyl)-methyl]-cyclohexanone  - 183 
 
Racemate 
 
 
Table 15, entry 3 (1 mol% 158)  
 
 
 299 
 
2-[Hydroxy-(2-nitro-phenyl)-methyl]-cyclohexanone - 183 
 
Table 25, entry 4 (1 mol% 162) 
 
 
Table 26 entry 4 (1 mol% 164) 
 
 
 300 
 
2-[Hydroxy-(phenyl)-methyl]-cyclohexanone - 3 
 
Racemate 
 
 
Table 15, entry 4 (1 mol% 158)  
 
 
 301 
 
2-[Hydroxy-(phenyl)-methyl]-cyclohexanone - 3 
 
Table 15, entry 7 (2.5 mol% 158)  
 
 
Table 24, entry 2 (1 mol% 158, tap water) 
 
 
 
 302 
 
2-[Hydroxy-(phenyl)-methyl]-cyclohexanone - 3 
 
Table 24, entry 3 (1 mol% 158, 5% w/w EDTA) 
 
 
Table 24, entry 4 (1 mol% 158, ZnOAc) 
 
 
 
 303 
 
2-[Hydroxy-(phenyl)-methyl]-cyclohexanone - 3 
 
Table 25, entry 1 (1 mol% 158) 
 
 
Table 26, entry 1 (1 mol% 158) 
 
 
 304 
 
2-[Hydroxy-(phenyl)-methyl]-cyclohexanone - 3 
 
Table 30, entry 1 (1 mol% 164 neat) 
 
 
 
 
 
 
 
 
 
 
 305 
 
2-[Hydroxy-(4-fluoro-phenyl)-methyl]-cyclohexanone - 184 
 
Racemate 
 
 
Table 15, entry 5 (1 mol% 158) 
 
 
 306 
 
2-[Hydroxy-(4-fluoro-phenyl)-methyl]-cyclohexanone - 184  
 
Table 15, entry 8 (2.5 mol% 158) 
 
 
Table 17, entry 4 (1 mol% 158, 10 mol% TFA) 
 
 
 307 
 
2-[Hydroxy-(4-fluoro-phenyl)-methyl]-cyclohexanone - 184  
 
Table 24, entry 6 (1mol% 158, tap water) 
 
 
Table 24, entry 7 (1mol% 158, 5% w/w EDTA in tap water) 
 
 
 308 
 
2-[Hydroxy-(4-fluoro-phenyl)-methyl]-cyclohexanone - 184  
 
Table 24, entry 8 (1mol% 158, ZnOAc) 
 
 
Table 25, entry 6 (1 mol% 162) 
 
 
 309 
 
2-[Hydroxy-(4-fluoro-phenyl)-methyl]-cyclohexanone - 184  
 
Table 26, entry 6 (1 mol% 164) 
 
 
Table 31, entry 4 (1 mol% 162, neat) 
 
 
 310 
 
2-[Hydroxy-(4-fluoro-phenyl)-methyl]-cyclohexanone - 184  
 
Table 30, entry 4 (1 mol% 164, neat) 
 
 
 
 
 
 
 
 
 
 
 311 
 
2-[Hydroxy-(4-bromo-phenyl)-methyl]-cyclohexanone - 185 
 
Racemic 
 
 
Table 15, entry 9 (2.5 mol% 158) 
 
 
 
 312 
 
2-[Hydroxy-(4-bromo-phenyl)-methyl]-cyclohexanone - 185 
 
Table 17, entry 3 (1mol% 158, 10 mol% TFA) 
 
 
Table 25, entry 5 (1mol% 158) 
 
 
 313 
 
2-[Hydroxy-(4-bromo-phenyl)-methyl]-cyclohexanone - 185 
 
Table 25, entry 5 (1mol% 162) 
 
 
Table 26, entry 5 (1mol% 164) 
 
 
 314 
 
2-[Hydroxy-(2,4-trifluoromethyl-phenyl)-methyl]-
cyclohexanone - 186 
 
Racemic 
 
 
Table 15, entry 10 (1mol% 158) 
 
 
 315 
 
2-[Hydroxy-(2,3,4,5,6-pentafluoro-phenyl)-methyl]-
cyclohexanone - 187 
 
Racemate 
 
 
Table 15, entry 11 (1mol% 158) 
 
 
 316 
 
2-[Hydroxy-(2,3,4,5,6-pentafluoro-phenyl)-methyl]-
cyclohexanone - 187 
 
Table 18, entry 2 (0.1 mol% 158, 24 h) 
 
 
Table 18, entry 3 (0.1 mol% 158, 72 h) 
 
 
 317 
 
2-[Hydroxy-(biphenyl)-methyl]-cyclohexanone - 188 
 
Racemate 
 
 
Table 15, entry 12 (1 mol% 158) 
 
 
 318 
 
2-[Hydroxy-(biphenyl)-methyl]-cyclohexanone - 188 
 
Table 25, entry 7 (1 mol% 162) 
 
 
Table 26, entry 7 (1 mol5 164) 
 
 
 319 
 
2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclopentanone - 189 
 
Racemate 
 
 
Table 16, entry 1 (1 mol% 158) 
 
 
 320 
 
2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclopentanone - 189 
 
Table 17, entry 1 (1 mol% 158, 10 mol% TFA) 
 
 
Table 24, entry 10 (1 mol % 158, tap water) 
 
 
 321 
 
2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclopentanone - 189 
 
Table 24, entry 11 (1 mol% 158, 5% w/w EDTA) 
 
 
Table 24, entry 12 (1 mol% 158, ZnOAc) 
 
 
 322 
 
2-[Hydroxy-(4-nitro-phenyl)-methyl]-cyclopentanone - 189 
 
Table 27, entry 2 (1 mol% 162) 
 
 
Table 28, entry 2 (1 mol% 164) 
 
 
 323 
 
2-[Hydroxy-(3-nitro-phenyl)-methyl]-cyclopentanone - 189 
 
Racemate 
 
 
Table 16, entry 2 (1 mol% 158) 
 
 
 
 324 
 
2-[Hydroxy-(3-nitro-phenyl)-methyl]-cyclopentanone - 190 
 
Table 27, entry 3 (1 mol% 162) 
 
 
Table 28, entry 3 (1 mol% 164) 
 
 
 325 
 
2-[Hydroxy-(2-nitro-phenyl)-methyl]-cyclopentanone - 191 
 
Racemate 
 
 
Table 16, entry 3 (1 mol% 158) 
 
 
 
 326 
 
2-[Hydroxy-(2-nitro-phenyl)-methyl]-cyclopentanone - 191 
 
Table 27, entry 4 (1 mol% 162) 
 
 
Table 28, entry 4 (1 mol% 164) 
 
 
 327 
 
2-[Hydroxy-(phenyl)-methyl]-cyclopentanone - 192 
 
Racemate 
 
 
Table 16, entry 4 (1 mol% 158) 
 
 
 328 
 
2-[Hydroxy-(phenyl)-methyl]-cyclopentanone - 192 
 
Table 27, entry 1 (1 mol% 162) 
 
 
Table 28, entry 1 (1 mol% 164) 
 
 
 329 
 
2-[Hydroxy-(4-fluoro-phenyl)-methyl]-cyclopentanone - 193 
 
Racemate 
 
 
Table 16, entry 5 (1 mol% 158) 
 
 
 330 
 
2-[Hydroxy-(4-fluoro-phenyl)-methyl]-cyclopentanone - 193 
 
Table 27, entry 6 (1 mol% 162) 
 
 
Table 28, entry 6 (1 mol% 164) 
 
 
 331 
 
2-[Hydroxy-(4-bromo-phenyl)-methyl]-cyclopentanone - 194 
 
Racemate 
 
 
Table 16, entry 6 (1 mol% 158) 
 
 
 332 
 
 2-[Hydroxy-(4-bromo-phenyl)-methyl]-cyclopentanone - 194 
 
Table 27, entry 5 (1 mol% 162) 
 
 
Table 28, entry 5 ( 1 mol% 164) 
 
 
 333 
 
2-[Hydroxy-(2,4-trifluoromethyl-phenyl)-methyl]-
cyclopentanone - 195 
 
Racemate 
 
 
Table 16, entry 7 (1 mol% 158) 
 
 
 334 
 
2-[Hydroxy-(biphenyl)-methyl]-cyclopentanone - 196 
 
Racemate 
 
 
Table 16, entry 8 (1 mol% 158) 
 
 
 335 
 
2-[Hydroxy-(biphenyl)-methyl]-cyclopentanone - 196 
 
Table 27, entry 7 (1 mol% 162) 
 
 
Table 28, entry 7 (1 mol% 164) 
 
 
 336 
 
 
 
 
 
Organocatalysed  
Mannich/lactamisation Reactions 
(Chapter 6) 
 
 
 
 
 
 
 
 
 
 
 
 337 
 
2-{Phenyl-3-(2-oxocyclohexyl)isoindolin-1-one - 239 
 
Racemate 
 
 
Table 31, entry 1 (control) 
 
 
 338 
 
2-{Phenyl-3-(2-oxocyclohexyl)isoindolin-1-one - 239 
 
Table 31, entry 2 (20 mol% L-proline 15) 
 
 
Table 31, entry 3 (20 mol% trans-4-OH-L-proline 70) 
 
 
 339 
 
2-{Phenyl-3-(2-oxocyclohexyl)isoindolin-1-one - 239 
 
Table 31, entry 4 (1 mol% 162) 
 
 
Table 31, entry 5 (2.5 mol% 162) 
 
 
 340 
 
2-{Phenyl-3-(2-oxocyclohexyl)isoindolin-1-one - 239 
 
Table 31, entry 6 (1 mol% 158) 
 
 
Table 31, entry 7 (2.5 mol% 158) 
 
 
 341 
 
2-{Phenyl-3-(2-oxocyclohexyl)isoindolin-1-one - 239 
 
Table 31, entry 8 (5 mol% 158) 
 
 
Table 31, entry 9 (1 mol% 164) 
 
 
 342 
 
2-{Phenyl-3-(2-oxocyclohexyl)isoindolin-1-one - 239 
 
Table 31, entry 10 (2.5 mol% 164) 
 
 
Table 31, entry 11 (2.5 mol% 164, + 3h @ 50 °C) 
 
 
 343 
 
2-{Phenyl-3-(2-oxocyclohexyl)isoindolin-1-one - 239 
 
Table 31, entry 12 (2.5 mol% 164, 48 h) 
 
 
 
 
 
 
 
 
 
 
 344 
 
2-(4-Methoxyphenyl)-3-(2-oxocyclohexyl)isoindolin-1-one - 
241 
 
Racemate 
 
 
Table 32, entry 1 (2.5 mol% 164) 
 
 
 345 
 
2-(4-Cyanophenyl)-3-(2-oxocyclohexyl)isoindolin-1-one - 242 
 
Racemate 
 
 
Table 32, entry 2 (2.5 mol% 164) 
 
 
 346 
 
2-(4-Chlorophenyl)-3-(2-oxocyclohexyl)isoindolin-1-one - 
243 
 
Racemate 
 
 
Table 32, entry 3 (2.5 mol% 164) 
 
 
 347 
 
2-[(S)-1-phenylethyl]-3-(2-oxocyclohexyl)isoindolin-1-one - 
244 
 
Racemate 
 
 
Table 32, entry 5 (2.5 mol% 164) 
 
 
 348 
 
 
 
 
 
Appendix C 
Nuclear Magnetic 
Resonance Spectroscopy of  
239 
 
 
 
 
 
 
 
 
 349 
 
 
Appendix C: NMR analysis of 239 
1H NMR analysis of 239 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 350 
 
13C NMR analysis of 239 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 351 
 
HSQC analysis of 239 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 352 
 
HMBC analysis of 239 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 353 
 
COSY analysis of 239 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 354 
 
NOESY analysis of 239 
 
 
 
 
 
 
 
 
